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Introduction its philosophical and historical setting, stimulated in part

In the wake of Kuhn's (1962) attack on established no- by a series of email exchanges between the organisers of

tions of scientific progress, Haggett and Chorley (1967) GeoComputation'97 on possible definitions of the neolo-

announced that Geography was undergoing a quantitative gism. It presents an illustrated argument in support of two

revolution. In fact, it was more of a battle cry than an an- propositions: that the quantitative revolution and the bur-

nouncement. It stirred up rebellion within the discipline geoning of computational geography belong to the same.

and sent marauders off into neighbouring domains to bring lont- nding. intellectual tradition; and that that tradition

back intellectual booty. Uke the quantitative revolution. in&. One could argue, as hinted above, that

geocomputation is an enterprise stretching well beyond putation is a continuation or addendum to the * *
the borders of academic geography.The two movements qu.,tative revolution but one can equally well view the

have many other characteristics in common but they also latter as a rehearsal for the former. If one takes this posi-

have import differences, the most significant of which is tion - standing, as it were, at the present looking back -

the most obvious - a radical difference in accessible com- then it is clear ti,at : e rehear• is w-re under way well

puting power. before the 1960s. It i" -jually clear that ge-co; -'utation.

when looked at in these terms. nss , long way ,i7 go be-
In the period between the heyday of the quantitative revo- fore it fulfils its promise.
lution and the coining of the term geocomputation. much

philosophical water has flowed under the geographical The paper sketches out a few ideas on the foundations of

bridge. There have been major surges from humanism, scientific geography, where the latter term is taken to

Marxism and, latterly, postmodernism and there have been embrace rather more than the academic disciplit it lkoks

many minor currents. But throughout this period, the briefly at measurement, calculation and computing tech-

geocomputational tide has been rising, little noticed by the nology prior to the electronic age, using Harrison's chro-

philosophers of geography. Much of their concern, as pro- nometers, the Varignon Frame, and the notion of market

ponents or opponents, has come to focus on the equilibrium as examples. It presents a thumb nail sketch of

Ipostmodern turn'. Until recently, they have larg* ignored the standard picture of science in the quantitative revolu-

the geocomputational twist in the tail of quantitative ge- tion and of the social context within which scientific geog- S
ography - or in what they had taken to be its tail. raphy was promoted. And it considers certain counter-

revolutionary criticisms of the noton that society may be
This paper seeks to place the 'geocomputational twist' in studied scietifcally.
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An important part of the argument is a consideration of by extension, the nature of geocomputation - is a persist-

the changes that have occurred in science since the stand- ent and often wilful misuse of terms.The words 'quantita-

ard, physics-based, picture was painted. That picture was tu' and'revolution' both require scrutiny, as does the term

always a caricatureThe expansion of the biosciences, the 'positivism'. As Taylor and Johnston (1995 p.52) have ar-

explosion of interest in nonlinear systems in general and gued, the quantitative revolutionaries adopted markedly

chaos in particular, the associated discovery of the funda- different approaches and had different views on an appro-

mental unpredictability of certain physical and biological priate name for their movement:

systems, and the recognition that objectivity in science is a three early popular labels were "conceptual","model-

direction rather than a terminus have all contributed to based", and "'statistical" - before the label "quantita-

the blurring of the supposed sciencelsocial science dis- tive" was generally adopted

tinction.And at the centre of much of this change has been This heterogeneity has been played down by critical histo-

computing. It was, after all, in the humming of a Royal McBee rians w hav found i convenient to use a single label

that Edward Lorenz first detected chaotic behaviour. and to ascribe a particular view of science to those it has

Such behaviour might be thought to be a recent charac- been attached to (ibid. p.52):

teristic of the discipline itself.or, perhaps, of its philosophi- The quantifiers were criticised from a range of con-

cally self-conscious branches. But under the postmodern trary positions for their excessively narrow interpre-

froth there is a strong geocomputational brew. Emblem- tation of what constitutes science. In this process the

atically, whilst the revisionary metaphysicians have been quantitative revolution was reconstructed as a unitary

exercised about the notion of truth, the spatial scientists monolith (sk) and any diversy associated with its theo-

have been harnessing fuzzy logic. reticians tended to be written out of the story.

As for the social context, it has, of course, changed radi- Taylor and Johnston go on to argue that there were ten-

cally since the '60s. And those changes, as any good mate- sions within the movement (ibid. p.52) * *
rialist should admit, have all but put paid to the Marxist between deductive and inductive "science" and ... be-
proecot Such force as there was in Harvey's (1989) accu- tween "pure" and "applied" geography
sation that modellers have produced 'little more than the And they say that in the early stages (up to the I1970s) it
proverbial hill of beans' has been eclipsed by the collapse

was pure geography that dominated,.Thus. at least in the

of the house of cards that represented the Marxist project

in practice. Of at least equal significance, arguably, has been firstfiush of the quantitative revoluuongeography had some

resemblance to the standard model of a science, with ra-the extraordinary advancement in computing power, the
tionalist and empiricist wings and whatTaylor and Johnston

emancipatory effect of its widespread availability, and the

refer to as a'mainstream concern for models and theory'.
wiring of soietyArguably, then,'scientific' would be a better label than'quan-

Drawing these threads together, the paper attempts both titative'.

to justify the claims made about the methodological sig- The term 'revolution' is not particularly illuminating either.
nificance of the geocomputational twist and to highlight

As the introduction to this paper suggests, its early use in
the shortcomings in the contemporary portfolio of

geocmpuctionl acivites.geography was as much prescriptive as descriptive. Thegeocomnputationall activities.

extent to which the movement actually was revolutionary

The A nalytic 71'adition is a matter for debate, as is Kuhn's view about the nature
of change in science. What is more, there appears to be a

One of the difficulties inherent in understanding the de-
mismatch between Kuhn's conception of scienc.. and the

bate about the nature of the quantitative revolution - and,

views of the revolutionary geographers about their own

2I ,q; 7di + +sI ' I I! n) I If I I ýl•+'r
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wr They seem to have subscribed to the idea that sai- arm tr main job was to express emotion or approvall

ence is a rational and cumulative enterprise, which deals disapproval. much in the manner of an exclamation like
objcive-ly with tesab~le Woosiin about the real world. 'WOW!' orUg:

Kuhn challne this idea. As Sear-le (19%.,pp.I I- 12) puts The logical po•,ivits, then, were concerned with 'how••

it: things are' and they took the view that evaluative staie !

Kuhn sometimes seems to be arguing that there is not merits do not help wvit this task. But theare is a great deal of

Sreasoning between that observation and the no-

any such thing as the real world existing independently
tion that'positivists'. in some ill-defined sense are not con-

of our scientific theories, which it is the aim of our

theories to represent. Kuhn, in short, seems to be de- cerned with matters of conscience or social justice. And

the reasoning is worse than sloppy when it comes to sug-
S rhenalism( . 12)gesting. as some recent geographical writing appears to

He then adds (ibiit p. 12): do. that positivists, qua positivists, have been complicit in

Most philosophers do not take this denial of realism crimes against humanity. The logical positivists were cer-

at all seriousfy Even if Kuhn were right about the struc- tainly acquainted with crimes against humanity but in a

ture of scientific revolutions, this in no way shows that somewhat different sense (ibid, p.
72

0):

there is no independent reality that science is investi- Against the horrenidous mythologies and superstitions
gating propagandized by the Nazis, using the old metaphysics

Whilst the quantitative revolutionaries were happy to ap- as a tool, these philosophers used the clarity of sci-

peal to Kuhn's ideas to justify their attempts to transform ence to dispel non-sense and to defend common sense.

the discipline, few if any shared his relativism. Behind the Accordingl. the group was broken by the Nazis ..

rhetoric of scientific revolution - derived from argumen The central feature ofs'positivism' n geography. in the minds

about revolutionary change within a science - was a more of its critics, appears to be the empiricism of the logical a
gradual but in some ways more profound transition fromW

positivists. This ties in with the notion that geography in
an unscientific to a partially scientific g . the quantitative revolution was monolithically inductivist

As for 'positivism', it is seldom clear what various users of (see above). Thus. the terms 'positivist' and 'quantitative'

the term have in mind, apart for their disapproval. In the have come to be used more or less interchangeably by the

philosophical literature,'positivism' tends to be used, if at critics, with both failing to capture the heterogeneity of

all. as a contraction of 'logical positivism'. The nature of the 'scientific' movement in the discipline. However, it is

this school is neatly summarise by Solomon (1997, p.
7 2O): not just the empiricism of the logical positivists that the

critics wish to carry over into their notion of positivism. ItThe main thrust of logical positivism is its total rejec-
is the failures of logical positivism as a philosophical doc-tion of metaphysics in favour of a strong emphasis on

tine.
science and verifiability through experience. The

method of the logical positivists, accordingly. is strongly In a conversation with Brian MageeA.JAyer, the man who

empiricist (they actually called themselves "logical em- did most to propagate logical positivism in the English-

piricists").., speaking world, was clear about its inadequacies (Magee

In addition to the rejection of metaphysics, the logical posi- 19789p.131).

tivists had a clear view about ethical and aesthetic state- MAGEE But [ogicl posrtvism] must have had real

ments.They thought (Pettit. 193, p.') that defects.What do you now, in retrospect. think the main

Evaluative propositions did not serve, or at least did ones were?

not serve primarily, to essay a belief as to how things AYER Well. I suppose the most important of

Proceedings of GeoComputanon '97 At SIRC '97 3
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the deflects was that nearly all of it was false. & terists.

The critics of positivism in geography would like to be Returning to the Pickles quotation, one might argue that

able to claim that this observation may be extended to the attempts to 'reassert a critical understanding of the

the foundations of the quantitative revolution and its mod- sociospatial dialectic' are intended to undo the very thing

*r manilest 5. Plckes, for examp, seems tohin that that logical positivism did succeed in doing - undermining

the intellectual battle has been won by critical theorists the old metaphysics - but I do not want to pursue that line

but that the quantifiers have failed to accept defeat. He argument. Rather. I want to conclude this section by

says (Pickles I"S p.2S) that for some schplars, apparently asserting that the blanket attachment of the tite 'positiv-

including himself. ist' to scientific work in geography does not serve to un-

GIS represents a reassertion of instrumental reason dermine the philosophical foundations of that work. Sci-

in a discipline that has fought hard to rid itself of no- entific geography continues to derive philosophical sup-

tions of space as the dead and the inert. and, as Soja port from the analytic tradition, notwithstanding the de-

(1989) has argued, to reassert a critical understanding mise of logical positivism, and that tradition is the domi-

of the sociospatial dialectic. nant one in philosophy.

But this will not do as a mapping of the wider philosophi- To summarise, the 'quantitative revolution' was neither

cal debates into a geographical context. Logical positivism quantitative (if that term is used to mean inductivist) nor

has not been abandoned in favour of the critical doctrines revolutionary (in the Kuhnian sense).The heterogeneous

of the so-called continental philosophers. On the contrary, body of work that comes under the rubric of the quanti-

it is the analytic tradition, in which logical positivism played tative revolution and/or geocomputation is best described

a central part, that has come to dominate the philosophi- as being 'scientific'. It is not the case that the supposedly

cal landscape. According to Searle's essay on contempo- 'pos. ivisegeography ofthe qucnoathe revolution has been

rary philosophy in the United States (op. cit. •. I). weeded out by critical theorists, only to start spreading

Without exception, the best philosophy departments again through the development and use of GIS.

in the United States are dominated by analytic phi- The scientific approach to geographical problems was and

losophy. and among the leading philosophers in the is firmly rooted in the analytic tradition of philosophi.

United States, all but a tiny handful would be classified Rather than turn to critical theory to understand the short-

as analytic philosophers, comings of scientific geography, it is helpful to consider

Magee and Ayer make a similar point at a personal level. the changing notion of science within the analytic tradi-

Logical positivism may have had its day but the general tion and the changing role of computation in science.

view of the world implicit in it is alive and well:

MAGEE So, a former Logical Positivist such as Science and computation

yourself, although you now say that most of the doc- It was noted above that the geography of the quantitative

trines were false, still adopts the same general approach; revolution exhibited a range of activities that gave the dis-

and you are still addressing yourself to very much the cipline some resemblance to the (then) standard model of

same questions, though in a more liberal, open way? a science. Specifically, geography became increasingly con-

AYER I would say so, yes. cerned with, on the one hand, data exploration and induc-

Thus, to understand the shortcomings of scientific work tive reasoning and, on the other, model building and theory

in geography, it is more instructive to look at the changing development.The prevalent notion of science owed much

view of science within the analytic tradition than to turn to the model of physics. Science was thought to be truth-

to the philosophically eccentric positions of various criti- seeking, cumulative, and objective. It was believed that as

IL II j IIIL~l'IV L I
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our understanding of various systems increased, so did ciated with Harrison's attempt to solve the problem of
their predictability.The process of scientific advancement calculating a ship's longitude at sea.The problem was one

was thought to consist of interrelated cycles of rationalist of such importance in the early I s century that the Brit-

and empiricist endeavour (see Figure I). Computation en- ish Parliament. in passing the Longitude Act of 1714. of-

tered the process both in the analysis of observational fered a prize £20,000 for its solution.Two strategies came
and experimen tal (the left hand cycle of Figure I) and to the fore: the astronomical ideas of the scientific estab-

through the numerical solution of mathematical problems lishment and Harrsons idea that it was possible to make

for which analytical techniques were inadequate (a possi. a clock of great accuracy with which the true time could

bie strategy on the right hand side). But computation was be carried from the home port. Solar observation could

seen primarily as a means to an end, not as part of the then be used to establish local time and the time differ-
intellecucal milieu shaping the way in which scientific proba- nce used to calculate the change in longitude. The as-

ems are conceived. The social context of scientific en- tronomers believed that no one could build a clock of

deavour was one of optimism about the benefits that sn- sufficient accuracy.They thought that the problem would

ence could bring. Consequentially, perhaps, the sociology be solved by producing tables of data relating to the posi-

of science was not of great interest. certainly not in a geo- tion of the moon relative to other celestial obtects at given

graphical contextn times and at given longitudes for years into the future.The

I want to consider some of the changes that have occurred battle, which raged through the second and third qurs

seen primarily ascinc andeans tocialcircumsns prt ofrsth of the century provides a useful case study of the sociol-

inthisview ofi ehacnd its si al circmstiesbtifirt pb c e on has-
I want say something about computation.Three examples onofes bel that p) o be of ai

should serve to illustrate the range of social and intellec- that.

tual purposes to which computational devices have been His every success was parried by members of the

putAll three examples are of signirscance in the history of scientimc elite twho distrusted [his] magi bobtThe comv-

geography. missioners charged with awarding the longitude prize

I~~~~~~~~~~ ~ ~~ ~ wattNosdrsm ftecagsta aeocre ate, wich ragklyed [thoghe sifconastronomerdroyartend

The first is the chronometer, ificay John Harrison'sst o e ol
fou chntsaysometersg H-IutoH. Sobe'setetaining exaples Harrison's principal rival] among them - changed the
four chronometers H- I to H-,A Sobel's entertaining book 4rio' rnia ia)aogte hne h

Longitude tells of the trials (literally) and tribulations asso- contest rules whenevr they saw fit. so as to favour

Proceedinis ot'CeoComputation '97 & SIRC '97 5
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the chances of the astronomers over the likes of ditions. But in a modern computing environment, there is F
Harrison and his felow "mechanics". But the utility and not need to assume away the whole, messy, multi-agent

accuracy of Harrison's approach triumphed in the end. process of market interaction. I will return to these obser-

His followers shepherded Harrison's intricate, exqui- vations later. Meanwhile, I want to consider, very briefly.

site invention through the design modifications that some of the aspects of the changing picture of science

enabled it to be massed produced and enjoy wide use. noted above.

Harrison's chronometers were mechanical computers At the time of the quantitative revolution, one of the ob-

dedicated to the task of measuring longitude. They are jections frequently raised against the use of the scientific

thought of as scientific instruments but are not scientific method to study social phenomena was that it entailed a

in the sense that they facilitated either the inductive or mechanical view of the world. There was some truth in

deductive processes of scientific development represented this charge. Physics was the model science and mechanics

in Figure I. is a branch of physics. Our understanding of the universe

This is not true of theVarignon Frame. It can be thought of was built on a clockwork conception of the heavens. Much

as a mechanical computer. again dedicated to a particular of the mathematics that was available, including the calcu-

type of task. But the task may be thought of as belonging lus of Newton and Leibnitz, was forged in the study of

to the right hand side of Figure I. The Frame computes physical phenomena.And. of course. some of the approaches

solutions to what geographers refer to as Weberian loca- that were adopted were directly mechanical - like the use

tion problems (see Wesolowsky (1993) for an interesting of the Varignon Frame. It is not too difficult to object to

account of the genesis of this class of problems).That is, it the employment of scientific methods in a social context

provides a mechanical method for obtaining numerical when physics is the inspiration, as it was in the gravita-

solutions to a mathematical problem and, by analogy, iden- tional and thermal models of migration of Ravenstein (1885)

tifies the implications of a set of assumptions about indus- and Hotelling (1979). But the rise of the biological sci- * 0
trial location under specified initial conditions. The sim- ences has altered our conception of what constitutes a

plicity of the assumptions and conditions has the effect of science, undermining this source of objection;the intellec-

detaching the process from the inductive, left hand side, of tual distance from ecology to population geography seems

Figure I; the assumptions and conditions are not capable less than that from physics. Indeed, as the social sciences

of being true of many or any real systems so there is no have developed alongside the biological, the intellectual

sense in trying to test them.The reason why they cannot traffic has not been all one way, as it was with physics.

be anything but simple is, of course, the computing tech- Darwin's debt to Malthus is well know (see for example,

nology. Given the absence of an analytical solution to the Bronowski 1973) but it is not the only example of the

general Weber location problem, a mechanical analogue biological sciences borrowing from the social; the theory

computer may be used. However, as well as allowing a so- of games is a more recent example of some importance

lution to be found, this approach limits the way in which (see, for example, Nowak and May. 1992).

the problem may be conceptualised. Closely connected with the scepticism about physics as a

There is an interesting parallel with the notion of market methodological beaconwas the notion that social life does

equilibrium.The idea that price and quantity in a market is not have the predictability and, therefore, the controllabil-

determined by the intersection of supply and demand ity of the physical world.This belief has been undermined

schedules is a construction rooted in 191 century com- not so much by successes in the social arena as by the

puting condiCons.The simultaneous solution of two equa- growing realisation that aspects of the physical world are

tions provides answers to questions about a market that fundamentally unpredictable. Interest in catastrophies and

would be difficult to generate otherwise, given those con- bifurcations, in fractal geometry, and in chaotic behaviour,

II I: L :ii I II"
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has spanned the scientific spectrum and this interest has science; they deal with the circumstances under which

helped to make it clear that, if there is a methodological particular problems and ideas have become objects of study.

cleavage between the social and physical sciences, it does Questions related to the latter are methodological; they

not centre ou predictability, deal with the so-called logic of justification - with argu-

menu about the reliability of knowledge claims- Pnilosophi-
One of the other sources of this supposed cleavage is the

proble-i of objectivity. It has long been argued that objec- cal concerns in geograhy have shifted under the influence

of relativist thinking from the context of validation to thetivity is possible in the physical world - in the study of
context of discovery. In 1969. Harvey's &xpianotin in Geog-

objects - but not in the social world. But history suggests

that the distinction is not so clear The example of the raphy concentrated on methodological issues; his presump-
tion was that there is a real world out there, which is

longitude problem is helpful here, notwithstanding the fact

that it is as much technical as scientific.The identification knowable, provided certain methods are employed. Rela-

tivist dissent from this position shifted the debate to theuf the longitude problem as being worthy of study, was

clearly social, and the assessment of the empirical claims context of discovery so that, for example. interest in We-

ber's theory of industrial location (such as it was) movedmade by Harrison and his opponents was scarcely objet-
from the theory's propositions to its social origins and

tive. There was as much attachment to belief in a cher-

ished theory - and as much chicanery to sustain that belief uses.

- as might be found in any strictly social context. The change of focus brought about by relativist thinking
has been from the general to the particular or, to use the

The debate about objectivity shades off into the debate

about truth. The revisionary metaphysics of the terminologyofanolddebatefromthenomothetictothe

postmodernists is sceptical about claims to both. But when ideraphicThe postmodern enthusiasm for the recogni-

it comes to truth, the objectors have a serious obstacle to tion of alternative voices and the celebration of difference

is underpinned by a rejection of the idea that there is aovercome. Scruton ( 1994 pp?) puts it this way:
single truth, independent of the observer. This rejection

Nietzsche ... argued that there are no truths, only relies on a rather loose usage of the term'truth'. It may be

interpretations. But you need only ask yourself whether that different individuals and groups have different percep-

what Nietzsche says is true. to realise how paradoxi- tions of some object or phenomenon and that we cannot

cal it is. (If it is true then it is false! - an instance of the talk about which is the'true' perception. But that does not

so-called liar paradox). [GAP?] Likewise... Foucault mean that true propositions about what these different

repeatedly argues as though ... [t]here is no trans- perceptions consist of cannot be formulated. It is impor-

historical truth about the human condition. But again, tant to note that this is not a repudiation of the idea that

we should ask ourselves whether that last statement alternative voices should be heard and differences cel-

is true: for if it is, it is false.. .A writer who says that ebrated. It is a repudiation of the idea that these objec-

there are no truths, or that all truth is'merely relative' tives are incompatible in principle with a scientific concep-

is asking you not to believe him. So don't tion of the pursuit of knowledge.The extent to which they

Despite counter-attacks such as this, relativism has been a are compatible in practice is, at least in part, a computa-

mainstay of critical approaches in geography. It has taken tional issue.

the subject in two directions - towards a change of con-

text and towards a change of focus. Models

A standard philosophical distinction is that between the It should not be assumed from the foregoii,5 argument

context of discovery and the context of validation. Ques- that the notion of 'truth' is unproblematic. Indeed. in re-

tions related to the former belong to the sociology of cent decades, there have been important advances in deal-

lII of I ' IRC 9
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in& with this notion in both science and philosophy. In sci- derground, such as those used for engineering works in

ence. the dominance of Boolean logic, in which the only the tunnels, and those attempt to represent accurately

truth values are 0 and I, has been reduced by the develop- those teatures that are required by the engineers.The com-

ment of fuzzy logic, with its continuum of truth values (for plexity of models, like that of maps, is a reflection of the

a basic introduction with geographical references see purposes of their authors and users.
Macmillan 1995). In philosophy, the notion of truth has

There are, however, technical and intellectual constraints
been at the centre of increasingly sophisticated criticism: these purposes. It was noted aboveon the achievement of teeproe.I a oe bv

of realist beliefs. These criticisms have led Aronson et at. that the Varignon Frame computes solutions to Weberian
(1994) to mount a rescue of realism based on a re-orien- location problems.The Frame is a representation - a model
tation of the debate away from the truth of propositions - of an economic landscape. It is a 'simplification' of the

towards the verisimilitude of models. The increasing in- landscape not because simplicity best serves the purpose

portance of models philosophically has not been reflected of emulating the industrial location decision problem but
in geogrgaphicalril octin eciiwork.embu

in geographical work. because the computing technology will not allow greater

One of the difficulties surrounding model use in geogra- sophistication. Similarly, but more subtly, the notion of

phy is that the nature of models and the purposes of model market equilibrium embodies an intellectual constraint

building are widely misunderstood, even amongst those imposed by 191 century computational capabilities.

who promote their use.As I have droned on at some length

on these matters in other papers (see, for example, GIS and explanation

Macmillan 1989, 1996). I will confine myself here to one This brings me to the nature and use of GlSystems.What

point. It is often said in introductions to modelling, that are we capable of doing with this late 201 century comn-

models involve simplifications of reality. This is true but puting technology? If one believes Taylor and Johnston, we

unhelpful. First, all attempts to characterise the world, in- cannot use it successfully in an explanatory context. They 0
cluding ordinary language descriptions, involve c p6Jt

simplifications. There is nothing peculiar, in this respect.

about model building. Second, the simplicity of a model, or quantitative procedures.and hence GIS,... cannot pro-
duce substantial answers to the question 'Why?'

an ordinary language description, depends on the purposes

of the author.To make this point whilst teaching I tend to They base this view on Sayer's (1984) notion that math-

pick an everyday object, like a waste bin, and ask students ematics is an acausal language. I have taken issue with this

to describe it. As often as not, they launch into a rather claim before (Macmillan, 1989). If we regard 'cause' as 'suf-

complex account:'lt's a truncated cone, inverted with an ficient condition' (see, for example. Hospers 1967 p. 2
79

-

open base. made of metal, painted grey, etc.'. They some- 320), then a set of mathematical relations with an appro-

times look puzzled when I give them my description:'lt's a priate empirical interpretation can be construed causally.

waste bin'. But tey see the point when I indicate the pur- This is precisely how the causal explanations of the physi-

pose of the description:'Throw this in the inverted, trun- cal sciences are formulated: a set of equations, say, repre-

cated cone for me will you?'. My simple description is ad- sents a set of law-like generalisations; a set of parameter

equate for the purpose of using the waste bin. Map making value assignments constitutes a set of condition statements;

is equally purposeful. The purpose of the London Under- and a solution statement represents the statement of the

ground Map is to help travellers navigate.The representa- event or condition to be explained.

tion of the system is simple in order to facilitate this task GlSystems should be used in producing substantial answers

- nomenclature and topology are represented accurately to the question'Why?'.They allow a representation of spa-

but nothing else is. But there are other maps of the Un-
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tial systems which is substantially better than that embod- ,SOcial change

ied in the Varignon FrameThey provide a less-constrain- There is a greater continuity here than Taylor and Johnston

mg computational environment.They certainly do not pro- would allow. What they see as a 'tension' between pure

vide a non-constraining environment and some of the criti- and applied work in the quantitative revolution does not

cal comments that have been made about data-led GIS look like that to me. For my own part, starting work in

work may be thought of as highlighting some of the con- geography too late to be a revolutionary, theory seemed

straints that undoubtedly operate. to be a necessary pre-requisite for application. Indeed, the

Taylor and Johnston further question the possibility of us- thing that was applied was the theory. I became interested

ing GIS for explanatory work by arguing (ibid. p.57) that in theory development because of my interest in applica-

tions and many others did the same. Of course, the social
The original 'quantifiers' attempted to ... [develop] climate was one in which it was thought desirable to pro-

deductive theory but ... it is just this aspect of quanti- vide scientific support for rational decision making in the

tative geography that has been severely castigated by public interest. Much computational model building was

GIS proselytizers ... predicated on this idea. But societies change.

That is a fair comment, taken in isolation, although it is a

little surprising to find the proselytizers called on in sup- The culture ofthe timesin many parts ofthe worldswung

port of a case that is largely directed against them. But as against what might be called the planning perspective. From

a line of argument it is not persuasive. The fact that the right, it was not just planning and the social demo-

Openshaw sees science as consisting only of the inductive cratic notion of market intervention that came under at-

half of Figure I does not make it so.And the suspicion that tack - it was the notion of society itself From the left, the

Openshaw can see more out of his one methodological supposed irredeemability of capitalism led to a similar con-

eye than many can with two does not alter this conclu- clusion - the idea of rational decision making in the public *
sion. interest was a snare and a delusion. But, as I have just said.

societies change.

It is certainly the case that much GIS work has been data-

led and that a good deal of it has been applied. But it is also In Britain, in much ofWestern Europe, in the U.S. (argu-

true that there has been a fair amount of theoretical en- ably), and in many other places, the intellectuai leadership

deavour. Goodchild (I99S p.46) notes that of the right has waned. At the same time, the dramatic

collapse of communism has done little to further the claims

An environmental modeler will likely write his or her of the left Geography as a discipline has become some-

model in source code, typically FORTRAN or C, but what eccentric in its continuing interest in Marxist think-

may well maintain a GIS, linked to the modeling sys- ing - much of the rest of the academy has moved on.To be

tem, to preprocess data, and to analyze and present sure, the new world is not the same as the old, either

the model's results.This type of GIS use probably char- materially or intellectually. But the old idea that science

acterizes the malo, of efforts in environmental simu- can serve society, and serve in the study of society, has re-

lation modeling.., emerged, battered but unbowed.

Theoretical endeavour of this kind bridges the gap between

pure and applied geography, to which Taylor and Johnston Geocomputation

allude.That gap. as indicated above, is largely computational Where does this leave us with regard to the nature of

in origin. A rich system of conditions, on which law-like geocomputation? I don't propose to dwell on what it con-

statements can operate,allows theoretical ideas to be ap- sists of historically or currently but I will venture an opin-

plied, ion on what it could or should be.The foregoing argu-
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merits suggest that it should be a set of activities, con- As for the critics, they might well claim that this is a pious

ducted in or around a computationally sophisticated envi- hope, given the history of what they might see as data-led.

ronment. in which the geographical sciences are developed theory-free. ethically neutral work in GIS and related fields.

and applied.Taking GIS to be the paradigmatic example of I prefer to think of it as a challenge to a new generation to

a computationally sophisticated environment, this means see that the promise of geocomputation is fulfilled.

that we should be using GIS for theory development both

inductively and deductively. That is, we should use GIS in References
an inferential mode but we should also be concerned with Aronson, J.L., Hzrr6, R., and Way, E.C. (1994) Realism Res-

building models in a GIS environment - an activity that is cues: how scientific progress is possible Duckworth, Lon-

theory-led rather than data-led. Indeed, GISystems should don

become the laboratories within which the two scientific BronowskiJ. (1973) The Ascent of Man Book ClubAssoci-
cycles of Figure I interact fully for the first time in a geo-

ates, London
graphical context.

This is not to say that application should be neglected. Hagett. P and Charley, Ri. (Eds.) (1967) Models in Geogra-

Theory and application should be related cyclically in what phy Methuen

might be thought of as an orthogonal relationship to that Harvey. D. (1989) From Models to Marx: Notes on the

shown in Figure I.Theory should inform application and Project to 'Remodel' Contemporary Geography. In

application should inform theory. In both cases, verisimili- B.Macmillan (Ed.) Remodelling Geography Basil Blackwell

tude should be a watchword, although there should be an Ltd., Oxford.

economy of design appropriate to the purposes of the Harvey, D. (1969) Explanation in Geography Arnold

exercise. Hospers, J. (1967) An Introduction to Philosophical Analysis

Clea-ly, geocomputational exercises should have explicit Revised Edition. Routiedge and Kegan Paul, London.

purposes and they should be conducted in the knowledge

that those with whom we interact have their own pur- Hotelling, H. (1979) A mathematical theory of migration.

poses, including those that supply data and consume ad- Environment aod Planning A, 10( 1), pp. 1233-9.

vice.Also. the form in which advice should be offered is of Kuhn,.t (1962) The Structure of Scientific Revolutions. Univer-

considerable concern. In applied work, we should not be- sity of Chicago Press, Chicago.

have as if we were producing a product for a consumer,

where the product consists of a single forecast and an Macmillan,. (1989) Quanitative Theory Construction in

optimal prescription based on that forecast. It would be Human Geography (1989). In In B.Macmillan (Ed.) Re-

more consistent with our contemporary understanding modelling Geography Basil Blackwell Ltd., Oxford.

of science to build a model with which users can play, on Macmillan,W (1995) Fuzziness revisited. Progre, s in Hu- p
the understanding that it car, yield useful insights about man Geography, 19.3.

real decision problems but that those insights are limited MacmillanW. (1996) Fun and games: serious toys for city
by the verisimilitude of the model (see Macmillan 1996). In modelling insa GIS environment. In P.Longlev and M.Batty
theoretical work, we should take up our own purposes, (Eds.), Spatial Analysis: Modelling in a GIS cr, ironment.

the traditional purposes of the academy. For those of us Longman Geoinformation.

concerned with society, we should be prepared to assert

that our purpose is to understand, however hard that may Magee, B. (1978) Men of Ideas: some creators of contempo-

be. rary philosophy BBC, London.
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Abstract the land resources and the processes operating within them.

Sustainable land management requires understanding of Consequently, predicting the behaviour of such systems

the cumulative effects of current and likely future land use represents a challenge for modellers and analysts (Kalma

patternsA modelling shell (LAMS, Land Management Simu- and Sivapalan, I 995).

lator) has been developed to allow exploration of how Although there is a need for greater understanding of the

on- and off-site effects develop in time and space. LAMS is processes operating within catchments, providing practi-

tightly integrated with the ArcJInfo GIS. and models can cal support for catchment analysis requires appropriate

freely access spatial data, execute GIS spatial operations tools for integrating and applying knowledge about spa-

and manipulate the spatial display.An application of LAMS tially distributed systems. Consequently, there is interest

to land use change in New Zealand erodible hill country is in combining knowledge engineering tools with geographic

discussed. information systems to provide comprehensive spatial

Introduction modelling technologies for addressing catchment analysis

problems (e.g. Mackay et at.. 1993; Lam and Swayne, 1993;

Sustainable management of productive hill country catch- Reynolds et al., 1996).
ments is a key concern for New Zealand resource man-agements agenciee .communitiesw cenralan g sovremmant Our goal has therefore been to develop tools which sup-agement agencies, communities. central government, and

industry (Ministry for the Environment, I "6).Whilee there port both building and applying process-based and inter-

continues to be concern about sustainability of pastoral pretive models for predicting the behaviour of hill country

land use in many hill country areas, there is also a need to catchment ecosystems. Starting with sedimentation analy

ensure that emerging land use patterns provide an appro- siswe have developed a modelling tool (AMS.Land Man-

priate balance between possible detrimental effects, such agement Simulator) for investigating catchment land use
effects. This paper describes the design of LAMtS and its

as reduced water resources, and beneficial effects such as

reduced soil erosion. application to a lake sedimentation problem associated with

pastoral land use in an erodible North Island catchment in
Resource management agencies and communities need New Zealand.

information on land use effects in"large" catchments. Man-

agement questions relate not only to the magnitude and Computer support for catchment

timing of effects, but also to priorities for data collection, analysis

However,"large" catchments present difficulties in that they

are not only physically large compared to small research

catchments, but also highly heterogeneous in terms of both 'Now at Paradigm Technologies,Wellington, New Zealand.
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(Bartell, 1996). In the first stage. the landscape is scanned addresses sustainabklity questions (Naiman et a., 1992). For

for the occurrence of risk-generating situations - which example. catchments comprise subcatchments linked by

will generally be characterised in terms of associations of stream segments. Land within the catchment consists of

land use (or management) and land type. Secondly, poten- geomorphological units reflecting surface morphology,

tial outcomes of these situations need to be formulated, in regolith type, geology and erosion processes. Soil classes

consultation with the community. Finally the likelihoods of and properties can be inferred from geomorphology using

these outcomes must be determined, preferably in terms soil-landscape models. The "representative elementary

of risk probabilities, area" and "hydrological response unit" are similar discrete
ares concepts used to model catchment hydrology (Wood

Society's tolerance of undesirable land management pat-

terns depends on their cumulative effects (Cocklin et al., et al. 1988. Flugel. 199). Further, sediment and nutrient

1992). Effects may accumulate insidiously over time; they loadings of surface and subsurface water, and the chemical

may be the total effect of risk-generating situations up- tsmations of the solutes. are determined by the ways
in which flow pathways intersect with these soil or

stream or the end result of a cascading sequence of indi-

rect effects; or they may simply consist of a collection of geomorphological units.

diverse effects. Accordingly a tool for catchment analysis These and other concepts (including those which under-

needs to provide facilities to build and link many types of pin modelling of socio-economic factors) potentially pro-

models of varying sophistication, each model reflecting the vide the basis for an object-oriented, spatio-temporal catch-

state of knowledge as well as the availability of data to ment modelling tool which can be used at a variety of

apply it. scales. Because of the clarity and ease of explanation of

simple rule-based interpretive models, and because re-
Saarenmaa et of (1994) have shown that decision support source management scientists who are not programmers

and analysis for natural resource management is most ef- need easily accessible modelling aids, rule-based knowl- '
fectively provided if the system being modelled can be rep- edge representation is also required (Carrico et al., 1989).

resented as a set of objects (Coad and Yourdon, 1991) Essential requirements of such a modelling tool are that it

which correspond to real world objects. This "computa- should be easy to modify and extend models to reflect the

tional framework" provides the foundation for a variety of issues of concern to different communities, and that the

models, leading ultimately to a library of compatible do- tool provides efficient access to spatial data in a form which

main-dependent tools for the particular resource man-

agement problem area. is easily maintained and verified.

For catchment analysis, the problem of scale has inhibited LAMS modelling framework

agreement on the content and structure of such an object

model (Kalma and Sivapalan, 1995). Modellers typically have Overview

difficulty scaling up from sound understandings of surface The essential components of the Land Management Simu-

and subsurface flow to models which accurately predict lator catchment analysis system, similar in concept to that

the hydrologic behaviour of whole catchments. For exam- described by Fedra (I 995), are shown in Figure I .The sys-

ple, preferential flow pathways such as tension cracks, fis- tem contains database, modelling and geographic informa-

sures or shear zones in unstable hillslopes are usually not tion system components which can be accessed via graphic

considered in hydrologic models based on the differential development and application interfaces.A core feature is a

equations for flow of water in porous media, simulation manager which evolves land use and land cover
patterns through time, and applies models to predict ef-

Notwithstanding this problem, there are fundamental con- fets a h ang es i n rik le es mo ues bo obect-

cepts (or objects) which underpin catchment analysis which

~ll~iiL ll KJllJL!H LI
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oriented and rule-based knowledge representation tech- databases through a set of C routines, and can control the

niques. GIS through commands issued through an Inter-Applica-
tion Communication (IAC) connection (ESRI. 1995). '

LAMS has been developed on a Sun workstation.We have

used the Smart Elements knowledge-based development Representing the spatial domain

environment from Neuron Data in combination with ESRI's

Arc/Info geographic information system. Smart Elements We model the stream channel network within the catch-

integrates a hybrid rule / object-oriented expert system ment as a set of stream segments or reaches. Each of these

shell (Nexpert Object) and Open Interface. a cross-plat- is an object, inheriting attributes and operations from the

form Graphical User Interface (GUI) developer (which may stream segment class. A small number of local

assist development of a PC version of LAMS). Overall con- subcatchments (LSCs). the smallest catchment unit repre-

trol and model management are handled within Nexpert sented, drain into each stream segment. These local

Object The ease with which dhe flow of control and the subcatchments may provide point or linear water sources

hierarchy of data structures can be viewed within Nexpert to the stream segments, depending on whether they are

facilitates understanding. Some simulation modelling is defined around particular streams or whether they simply

coded directly in C, for greater efficiency. The GUI devel- drain into the stream segment over part or all of its length.

opment features of Smart Elements have been used to The total catchment for a stream segment is then the col-

construct an interface (Figure 2) involving data entry and lection of LSCs for the segment and all upstream segments.

output screens in the form of editors, a network browser, The fundamental modelling unit is the land response unit S
charting and mapping capabilities and textual reports. Most or LRU, similar in concept to both the landscape response

GUI development has been coded in C, although Smart unit in landscape ecology (Perez-Trejo, 1993). and the hy-

Elements provides scripting support for some GUI ele- drological response unit (Flugel, 1995).We define contigu-

ments. LAMS can read from and write to ARC/INFO ous areas of land with a common manager as socio-eco-

I J .. .j..I k
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nomic units (SE••s), ase describe the rain truh a st The condition lsts of rules calm into account the terrain

of geomorphic land classes (GLCs). which are available as class (GLC). the position in the catchment (subcatchmem

mapped polygons or as a non-aggregated classified raster or local subcatchment). the ownership. and the existing

image. We then define an LRU as a conceptual unit com- land use. Factors which motivate the land use change are

prising all land within a given LSC and SEU which belongs treated implicitly with this representation. More complex

to the same GLC. Land management may vary within the rules which consider factors such as the state of neigh-

LRU - which is modelled as a set of land use (or manage- bouring properties. economic indicators. or whether there

ment) units (LUUs) (Figure 3).The resulting class-object has recently been a major erosion event, can be created

hierarchy for the catchment ecosystem is represented in using the graphic expert system development interface

Figure4,followingthenotataon ofCoad andYourdon (1991). directly. Collectively, groups of land use transition rules

The object model facilitates rule-based reasoning about specify land use scenarios.

the system or selected parts of it, while direct representa- Changes in land cover also occur as a result of maturing

tion of connectivity and parent-component relationships, or natural sutcession.We employ the concept

in addition to classifications, supports routing of messages of a vegetation phase; land not in productive use follows

to appropriate objects. different succession patterns (sequences of phases) under

Land use and vegetation change different conditions. We associate a phase sequence or

succession model with each area which is removed from
Changes in land use are modelled using land use transition productive use. Each phase and its associated attributes is

rules. These rules specify when and where land use change represented as an object within a cass of vegetation phases.

will occur, and the nature of the land use transition. The Each land response unit has an attribute describing the

,ules are currently deterministic, but could be stochastic, anticipated sequence and timing of phases. in case parts of

reflecting specified levels of uncertainty about land man- the LRU are withdrawn from productive use. or already 0
ager decisions or changes in land ownership (Dale et at.. contain areas of scrub or regenerating indigenous vegeta-

1993. Lee et at. 1992). Data describing spatial and non- tion. Succession models are allocated interactively to spa-

spatial pre-conditions for change. and the changes which

occur, are captured on an editor screen. Each transition tially-defined classes of LRU's.

rule is attached as a method to an object in a class of"land

use change rules". Application to sedimentation analysis
Many environments in New Zealand are susceptible to

catcrrrnent
subcatchment Geomorphic Land Classes

local su.catchment

_ _I_ _ j Land use units

Figure 3 Basic modelling units employed in the catchment modelling analysis system.
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Figure 4 Class hierarch tamr representing spatial and conceptual relationships uithin catchment

soil eroson.The resltng sedmetatio can lead to flood- pute the armount of landalidinon susceptibl slopes (where

ing. loss of habitt, and reduced water quality. One exam- slopes and rainfall exceed empiorically-determined thres-
pieis the 32 k Lake Tutiracatchnmine norte Haws olds). assuming pastoral land use under "standard" man-

ay(Trustrum and Page. 1992),There, resource managers amTL amount of erosion is then adjusted empirr- u

are interested in how land use change within the catch- cally to take account of factors such as land management,

retwill airect lak sdi~mntatio which has proceeded land cover, age of trees, and the available soil resource.

at high rate since clearance of indigUens eg sation (Page
etr l., 1994a). Resource matngers hve also epresed in- Chronic erosion and sedimentation delivery to streams is

gretst in the possibility of designing land use changes so modeied as empricald assessed annual transfers between

that the catchment can withstand rainstorms Of a landform components (Reid and Trustruma n prp). For

red mgnitue or free uen y without causing siniticant cak- each land use unit (oU). erosion processes and smeiment

setilmentation, transfer rat for pastoral land use are inherited directly

from GLCs (Figure 5). LUUs inherit methods from land
The approach we have adopted is to simulte, on x ye use classes which allow these rates to be adjusted for the

basis, the prosecbte changes in land use or land nadl n ature of the land cover.
ment within the catchment, and use (at this potoypec stage)

very simple empirical models to suggest possible efh~ta. Risk quantification requires determining the probability,
In future, we anticipate eaborati these models and in- following a storm of given magnitude, that more than x

corporating interpretive mode to test for sinifcance of mm of sediment accumulates in LakeTutir. Our approach

eects and to explore indirect e , is firstly to asaess the probability under the current land

use regme. While for other sedimentation problems this
The cpach we is adopted i to a sequence on "current risk" might b assessed dt e renate for Lake Tutira

mum rainstorm events, which are either specified by the w eeal ouea miia o-ierrltosi
bwesero jected wran e nal toouans eee or l manape- lo-ina o

sect ebetween storm rainfll and the thickness of sediment de-
bution.A linear empirical response model is used to co R- posited in the loke, obtained by an analysis of lake core
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Figure 5 Inheritance of methods and attributes for computation of land use-adjusted sediment transfers 0
(Page et al. 1994a). We then revise this probability, taking change in state of key sediment sources. Having identified

into account the likely effects of changes in land manage- the principal mechanisms responsible for the sediment

ment on erosion and sedimentation processes. delivered to the lake for a rainstorm of the size in ques-

To determine the effect of land use on sedimentation we tion, for current conditions, we search the areas of Land
use change upstream to establish the list of land use unitsfirst establish the mailor processes by which sediment iS
subject to these processes.We then determine the extent

generated (by erosion or remobilhsation of sediment in
to which vulnerability to the contributing mechanism has

temporary storage) and reaches the lake, for the storm
been affected by land use change. The (increased or de-rainfall in question. For this we employ expert-derived

curves giving bounds on the contribution of different ero- creased) percentage change is computed by aplying er-

sion processes to the total volume of sediment reaching pircal factors deduced from available land use impact in-
formation. Depending on the mechanism under consid-

the lake, as a function of storm rainfall.A sediment bu feget

for LalteTutira catchment has been evaluated by Pape et al eration, this requires separate evaluation of a range of fac-
tors which can affect sediment delivery. While we have

(1994b). Landsliding contributes most of the sediment for

the large rainfall e not made use of hydrological models to date, we envisage

for the smaller events for which processes such as t will be useful when we attempt a more rigorous

streambank erosion and channel erosion can become sig- analysis of the effects of land use on sediment delivery.
For example, resolving whether factors such as changes

nif t. to peak fSows and rainfall interception rates could signifi-

During simulation of land use change we "monitor" the candy affect the importance of individual sediment supply
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mechanisms can become the focus for separate knowl- for the LAMS catchment modelling tool. This tool, which

edge-b-ss has been built by tightly Wltinug knowledge engineer" and

To establish the impact of land use change on landslide geograph information systems components. has been

erosion, we firstly search for landskde-prone areas which s applied to analysis of lake sedimentation rsk.
Both the underlyng obec model an the modellng ap-

have undergone land use change. Where land use has

proach used for sedimentation analysis have potential forchanged to forestry, the land's new vulnerability to

landsliding at each location is computed from the application to problems relating to catchment hydrology

the trees, and from the time which has lapsedsi stream water quality, or to valued environmental compo-

end of the previous harvest cycle, after the first rnents such as spawning grounds for fish. In future we an-

For areas which are undergoing succession-driven changes ticipate using and further testing the LAMS conceptual

in vegetation cover, changed vulnerability to landsliding model by developing knowledge-bases and models to ad-

depends on landslide-inhibiting characteristics of the dress a variety of catchment management issues

cover which are stored with the vegetation phase objects. Acknowledgements
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ABSTRACT I INTRODUCTION

The planning and territorial management process is often Official forecasts indicate that, without drastic changes in

disparaged and subjected to criticism based on the way policies, environmental quality will deteriorate over the

environmental decisions are taken.The lack of transpar- coming years.The pressure on the environment will im-

ency and the high technical level of the Environmental Im- pair its potential to provide functions to society such as

pact Assessment process do not ease public agreement. supply of drinking water, forestry and recreation. It is of

The increasing development in Geographical Information major importance that planning activities become prima-

technologies has helped the construction of GIS-based rily based on environmental concerns. Moreover. Portugal *
Spatial Decision Support Systems (SDSS) enabling 'multi- has, in the last 10 years, dealt with strong economical con-

purpose planning'. The SDSS example presented below cerns to achieve the now forthcoming challenges dictated

shows the potential for integration of several levels of by the european context. The resulting environmental

involvement around an open platform aiming at a more pressure led to a major necessity in the definition of tools

scientific and shared decision in environmental planning. that could help decision makers scientifically integrate en-

However, the development of this environmental SDSS has vironmental values into the planning process and, at the P
lead to the identification of a major need for an engage- same time, keep this integration transparent and under-

ment effort towards the structuring and normalisation of standable to the public.

the information to be created and published. It has be- The project presented focuses on the possibility of simu-

come necessary to develop methodologies that will en- lating the effects of human actions and land use transfor-

able the systematisation. modelling, quantification and quali- mations on an interactive basis. It is based on land use

fication of geographic space.This paper proposes that the characterization through the association of hazard effects
definition of minimal geographic elements and the with types of land use. This paper describes the inception
conceptualisation of geographical space into such descrip- of the project. its first steps and current state, with new

tion components leads to the creation of structures which methodologies and technology being fed into it. It also

allow for the thorough application of spatial analysis in presents new developments related to representation p
environmental planning. models which, we argue, will definitely improve its per-

formance as a decision-making tool.

I I I,
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2 A DECISION SUPPORT SYSTEM 2.1 Definition of evaluation

FOR MUNICIPAL ENVIRONMENTAL components

PLANNING The baski geographical unit of the model is the land use

The basis for this work was the SIGLA project (GIS Simu- parcel Each of the components defined is classified ac-

lation of integrated environmental indicators). It was based cording to the type of land useThis classification was based

on a decision model primarily conceived with the objec- on the following evaluation components:

tive of providing a standard approach for planning evalua- - Effects (E)- The actions resulting from human activity

tion methodologies and a new basis for normative proce- which are susceptible of decreasing the environmental

dures. Its initial funding (provided by The Portuguese Envi- quality of the studied area. In this project the following

ronmental General Direction) aimed to get results as tools effects were considered relevant Water release. Habi-

for the development and assessment of new rules in plan- tat destruction, Solid residue release, Noise emission,

ning activities. Moreover, it was necessary to provide plan- Air emission and Erosion;

ners with entertaining experimentation tools for the cal- -Attenuation scenarios (A) -An attenuation scenario rep-

culation of alternative planning scenarios (Janssen, 1991). resents the attenuating potential of each land use when

In this way, the conception and application of normative related with one type of effect; One land use parcel

could be simulated and evaluated at the desktop.The model may either attenuate or magnify specific effects that

is structured according to a simulation/evaluation approach. happen with its boundaries:Attenuation is represented

Evaluation perspectives are provided at three levels: The by a value inferior to one; Magnification should be su-

expert level, the municipal level and the public level. The perior to one but it is not being considered currently.

expert level requires the intervention of a team of plan- These values are also determined expertly, they are

ning experts to define a system of dependencies between qualitative parameters and not spatial characteristics

the model components and a set of rules for normalisa- of propagation; I 0
tion in the definition of weights. At the Municipal level a - Sensitivities (S) -The environmental quality components

team of technicians defines the set of weights that imple- were classified and weighed against the land use classi-

ment their municipality policy and perspective, following fication producing the concept of Environmental Sen-

the normalisation rules defined at the previous level.The sitivity (in this case Biodiversity. Quality of superficial

public can demonstrate its preoccupations (Shiffer, 1992) waterAir quality, Soil qualityAcoustic quality and Land-

by suggesting modifications to the perspective applied by scape quality).

the municipality. This provides the model transparency The sensitivitieseffects and attenuation scenarios are evalu-

component often lacking in the decision process by allow- ated, at the three user levels defined above, through a sys-

ing non-technical users to interact with its implementa- tem of weights that qualifies them for each land use.This

tion, modify its criteria and evaluate the result of changes. system allows the definition of the importance given to

The project was instanciated in a agent-based SDSS pro- land use types. Each component's evaluation on the land

viding decision elements from simulation of changes.This use is translated into a values map (Fig. I ), a spatial classifi-

system supports evaluation, simulation of changes accord- cation of the existing land uses according to the evalua-

ing to the evaluation perspective, integration of judgement tion perspective applied.

with methods and data and processing of all relevant in-

formation (janssen, 1991).Therefore, the conceptual defi- The definition of evaluation components is structured in

nition includes, the definition of evaluation perspectives, evaluation profiles which can be interactively defined and

simulation tools and decision processes. modified.The evaluation perspective of one user can be

stored and compared against others, enabling the experi-

mentation and transparency capabilities of the model.

I II 'lJ J I ii , I I
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Legend:
A 1 no significant effect

2 l low effect

I 3: medium effect

"4: important effect
5: major effect
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2.2 Simulation lIhols The functional representation of the simulation can be

The simulation tools were development as a toolbox that expressed in the following way:

enables the generation of different simulation lines and L,., (LU,) = S(LU) q E,(LU.) q CP(LU ) qAt(LU )

their integration according to a specific evaluation per-
Where LU is the set of land use parcels representative of 0spective.

one moment t; q is the function that enables the combina-

2.2.1 Priopagatiin Scenarios tion of two simulation components (in this case grid mul-2.2.1plication).oS (LU),nario

A Propagation scenario (CP) is a map of the potential tiplication). S(LU), E,(LU) anti A(LU) represent the map-

spatial diffusion of an effect resulting from a land use trans- ping of, respectively, one of the Sensitivities, Effects and

formation. In this project, propagation can be effected Attenuation Scenarios associated with the current set of

through superficial water, air, underground water or land- land use parcels; CP(LU) is the representation of the cho-

scape.The propagation scenarios are calculated from physi- sen propagation scenario for this simulation.Although the

cal elements of space.The scenarios have been implemented number of possible simulation lines is extremely hOh only

the ones resulting from compatible components will be
using cartographic modelling proL -5ses.

generated.

2.2.2 Simulation lines

The components described above are combined to gener- 2.2.3 Simulation Integration

ate the intermediate and final results which are called Simu- The definition of integration rules enables the estimation

lation lines (L,.,,). Tne impact of one effect is calculated by of a general situation or an oriented study, towards one or
several of the defined components. It is possible to evalu-

combining the effect's value map with the associated sen-

sitivity map, the chosen propagation scenario and the tel- ate the results from simulations aased on one specific

evant attenuation values.The result is called a simulation theme or on a combination of themes. For example. the

line representing the potential environmental risk for the impact of a transformed land use parcel can be studied for
all of thie environmental quality components or oripnted

current set of land use parcels in one defined moment t.

II I I I I S
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towards one of them (biodiversity, ecc). It is also possible is calculated (for time t) using the registered pollution

to integrate similar simulations created according to dif- sources. Additional simulations will be derived from this

ferent evaluation perspectives.This will generate solutions reference. Inverting the values of environmental risk gen-

representing areas of agreement among different users. erates the evaluation of environmental performance.

2.3 The Decision Process 2.3.2 Visualisation of a Land Use

One of the main objectives of this project was the possi- Transformation Impact

bility of improving decision-making through the use of simu- Environmental performance and risks are represented as

lation tools, describing processes and discriminating op- a 2`1 D metaphorical model to increase visual perception

tions resulting 'n extensive forms of visualization, accord- and to allow the caracterization of the impact properties

ing to evaluation perspectives defined in a municipal plan- (figure 2).

ning process. In this section we will describe the decision

tools which were conceived arid developed using the simu- 2.3.3 Decision Parameters

lation and evaluation modules of the system. One modification of the geographical elements (land use

parcels) between time t and t+ I generates two simulation

2.3.1 Environmental Risk and lines.The impact of this change can be measured by the

Performance difference between the two lines and the characterization

The potential environmental risk of the area results from of the resulting shapeThis shape produces parameters for

the generation of simulation lines and enables the assess- decision making as variations in Area, Volume and Depth.

ment of the development of area by identifying major risks These parameters describe the importance of the impact

and priorities of development A reference simulation line and enhance the understanding of its distribution.

Fiý 2 - 2 - D) representation of a simulaton line L,, (LU) = S(LU) q E,(LU) q CP(LII) q AiLlf!)
S -Sensitivity to Water Quality, E, = Water Release effect, CP( = Superficial wiater propagati scenario,
A Water Reth'asc Atienuatiaon Scenario
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2.3.4 Location problems bling the creation of modules than can easily be extended

When concerned with a territory under study, the plan- and dynamically changed. The intelligent agent library in-

ner is often searching for the best place to locate a new cludes communication and reasoning as basic mechanisms

plant, a new structure or trying to select priority parcels allowing the developer to easily create and manipulate

for remediation.The solution adopted in this project was agents while concentrating on their behavioural charac-

to build a planning memory where simulation parameters teristics.This architecture includes the modelling system,

and results are recorded.This memory is built from classi- data storage and analysis tools.

fications of parcels provided by Land Use agents. These

are intelligent agents which can evaluate their fitness for a 2.4.1 The Dynamic Structure of the system

specific land use change and bid for that change to be ef- A multi-agent system structure was created to enable the

fected in their location.The fitness of each parcel/agent is system with dynamic and transitive connections between

ranked by its nature (type of land use), neighbourhood the components.When one spatial component or criteria

sensitivities, topological propert~is. and planning norma- changes during execution, this change will be reflected in

tive associated. Land use agents a, . currently under devel- all the components that depend on the former.Therefore,

opment. all these components must be updated.This operation is

activated autonomously by the spatial agent responsible

2.4 System Architecture for the changed component.The system of dependencies

The system control relies on a multi-agent system being is provided by a knowledge base of connection rules which

built using Java and an associated Intelligent Agent library, is also updateable. Fig. 3 shows the structure of the sys-

Being a portable, object-oriented language, Java was an tem.

obvious choice for the development of the system, ena-

fultý-aqymt .a1n~ctue

Md.- Imit Srucur

Fig 3 - Functional structure of the system
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2.4.2 Client Interfaces taneous land use transformations (Schweigert. 1994).Also,

The current prototype implementation has been built us- there are some problems with associating spatial and non

ing the client-server paradigm . It has been constructed spatial information. Finally, we have identified serious limi-

around a GIS server remotely accessed by two kinds of tations in modelling non-continuous phenomena and trans-

interfaces as shown in Fig. 4. port mechanisms.The use of vectorial structures for mod- 4
elling municipal information has clarified a need for new

The local network application has been designed to work forms of representation that, not only handle vectorial in-

at the municipal level and enable the complete toolbox.An formation, but that can also enable non-contiguous forms

online application is also being created to store public pro- of propagation. This will allow for the modelling of the

posals. It is an online mapping application which interacts complex environmental interactions involved as well as

with the land use data using evaluation profiles defined by their temporal characteristics.

the current user. The Java-based interface allows for the

definition of the user's profile, the execution of simple 3.1 Heuristic Definitions
simulations and the presentation of mapping results. This

The definition of the data model is now underway and it
tool not only realises the transparent property but also will include the representations to be used and the prop-

constitutes a way to inform the public about the method- ertie associated with each object or class of land use (spa-

ology used. tial and non-spatial elements of the system). A major ef-

fort is also being made to define a behavioural model for

3 THE NEED FOR NEW DATA the land use object when confronted with a negative ef-

REPRESENTATION MODELS TO fect emitted by another object.These two models repre-

REACH HIGHER SIMULATION sent heuristic definitions from which the rules to be com-

DIMENSIONS puted are explicitly created.

Currently, the existing implementation does not solve all

oftheplanningproblemsinvolved.Thesystemimplemented 3.2 Data Modelling Issues

does not allow the cumulative impact evaluation of simul- The data model required has to integrate topological de-

28 Proceedings of GeoComputation '97 & SIRC "97
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scriptons that will enable effective qualitative spatial rea. resented by a different temporal version. Another inter-

soning (like distance and orientation description) related esting approach results from Peuquet and Duan's (1995)

with the currently studied phenomena. The Object On- who consider an event-based spatio-temporal data model

ented model will then appear as an appropriate structure to handle forestry change.This approach is currently un-

to represent environmental interactions. der a comparative study with the one suggested above.

3.2.1 Object Orientation 3.2.4 Computational Implementation

The Object-Oriented (00) model can be seen not only The object characteristics of the model offer a few com-

as an elegant alternative to the relational model but also putational advantages. The most prominent one resides

as a solution for a more appropriate description of phe- on the natural implementation of software interfaces and

nomena. The concept of object emerges from the neces- their flexibility. Moreover, the coupling process models 6-

sity of manipulating, not only the static structures of infor- cilitate the agents manipulation of the model elements. Fi-

mation (data oriented) but also the dynamic behaviour of nally, spatial, attribute and thematic relationships can be

the system. just like in the Entity-Relationship diagram, the easily described and maintained by the feature itself as the

static aspect of an object is presented as a collection of input of new data (Crosbie, 19"6).

attributes.The set of attributes of one object is called its

state. The dynamic and behavioural side of the object is 4 CONCLUSIONS

presented through a set of operations (called methods)
It is our belief that the first implementation of the Deci-

that will be executed under certain conditions.This possi- sion Support System may lead to the reduction of the gap

bility led the project to an 00 approach, as the necessity between the modeler's perspective and the decision-mak-

for the definition of behaviour for different types of object
becae clar.er's habits.The opportunity to simulate changes in the stud-

became clear. ied area and experiment with new planning methodolo-

gies enables the planner with information and tools for
3.2.2 Minimisation of impacts simulating possible scenarios while the modeler can test

Hazard zones can also be represented as objects and their new tools and receive feedback from the decision-maker.

spatial interaction can be studied through topological and The main advantage is to get both parties to communicate

distance properties between different impact shapes and and reach solutions together. The agent-based architec-

pollution sources.The objective is now to define rules and ture can also act as a guiding mechanism, helping the user

methods to minimize impacts, by reasoning spatially on avoid evaluation parameters that cannot be applied in the

the qualitative properties of the impact shape.Those meth- specific problem (eg.: avoiding decisions that go against

ods will highlight the action to be taken at the pollution normative).The evaluation perspective is not fixed and can

source to reduce the impact, measuring the simulation interactively evolve in time.The planning decision process

results through the decision parameters. differs between countries but the difficulty of introducing

new support tools is still the same in most contexts.This
3.2.3 Thmporal Aspects implementation completes the fundamental objective which

Temporal representation is often limited in most of the was to propose a system that would integrate environ-

systems used. However, new techniques have been recently mental matters in the planning process in a clear and sci-

proposed. In this project, we are considering the exist- entific way.The implementation has been based on two

ence of different temporal versions of a same object gen- components:a GIS server and a distributed access system.

erated by events (Wachwicz and Healey, 1994). Each im- The GIS server uses a Multi-agent framework to link the

pact is represented as a geometric object able to be rep- modelling support system with the data storage and the
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Abstract is not a speed of processing problem but one of the corn-

This paper examines the argument that the GIS revolu- puter. GIS in particular, missing the point in what the prac-

tion has run its course. An approach is used that focuses titioners are "ring to achieve. This paper will show that a

on describing requirements rather than finding new roles redesign of GIS in line with practitioners problems results

for increased processing power. Results of a survey of in tools "of real use". This is in keeping with Landauer's

resource management practitioners are described. A pro- (1996 pl31) argument that researchers and developers

totype system. SPMS is also described which was devel- have fallen into the habit of saying "here is something I can

oped from a position of information requirements. The do with my computer, I'll do it". Landauer argued that the

system is shown to be useful. The implications of this work approach should be "here is something we wish we could

for developers of Geocomputation, both direct and con- do, but gosh, how can you do it?".

ceptual, are discussed. This should result in useful devel- This paper is in two sections, the first examines the argu-

opment of new tools in Geocomputation. ment that the GIS revolution has run its course. The sec-

ond examines what planners of new research and solu-
SIntroduction tions can take from efforts to improve the state of current

The author is a keen supporter of increased use of GIS. This includes the 'new challenges' posed by existing

supercomputing (or High Performance Computing- HPC) problems.

in geographical research and practice. This paper stems

not from fear, but a desire to see that such advances are GIS use and adoption

appropriately delivered to the desks of geographical prac- To argue that the GIS revolution has run its course is to

titioners. The flyer for this conference argued that "the overlook a crucial part of a revolution, its acceptance by

GIS revolution has run its course", that "there are few tools the people. While numerous surveys might show the wide-

around today that are of any real use" and "the problem is spread adoption of GIS and some researchers may think

that most researchers in GIS have largely overlooked the they have all the problems solved, the few surveys on ac-

impact of new technologies based upon high performance tual GIS use suggest that the diffusion is far from com-

computing". This paper takes exception to this argument plete.

and suggests an approach that sees the development of In defining "Geocomputation"' Openshaw and Abrahart

useful tools that may or may not include supercomputing.
(1996) argued to the effect that GIS technology has had

This paper presents results from a case where GIS is poorly

used despite high computer competence and GIS avail- 'Though note that they never actually managed a defini-

ability. The data shows that for environmental managers it tion.
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it day. They placed great emphasis on the fact that corm- isfhcoon of the total sample rising to 46% of an identified

puting spedls are now I Otimes greater now than during group of Envi al Managers (EM).
th GIS d eyoluaced. gr was implied that GIS has met its

When asked to rank their computer functions in order of
S t maor uses (from a given list), 23% identified GIS. When

hing else, asked later in the questionnaire whether they used GIS in

of foronmental mana t pticularly regional their work, a higher number. 4S.5S9% indicated that they

environmental decision-making (REDM). did. This difference in results suggests that people do not

GIS is widely promoted as a suitable tool for environmen- yet consider GIS to be part of their desktop as suggested

tal assessment and analysis. This appears to be backed by by Somers (1996). Further, when asked to what use they

the finding of Marr and Benwell (1996) that 70% of New put GIS, an extra group indicated that 'they didn't actually

Zealand local government authorities have GIS. Further, use it but that somebody else did for them'. This is de-

previous surveys have pointed to a wide availability of en- scribed by Somers as 'chauffeur-driven GIS' and is gener-

vironmental data (Benwell and Mann 1995) and that this ally considered to be an undesirable situation. Campbell

data is increasingly considered 'mature' (Marr and Benwell (1994) pointed out the disadvantages in this approach as

1996). Their figures, however, also included some disturb- "technical specialists generally (have] little understanding

ing trends: while 45.5% of authorities intended using GIS of the nature of information required by users, simply per-

for Land Use Mapping, only 20% were actually doing this, a ceiving it to be units of data" (p, 319).

significantly greater fall than for other intended uses (Mann Respondents ageed with a number of statements con-
1Respondents agreediwithtarnumbertof soatementslcon-

1997). This trend is not restricted to New Zealand. cerning GIS: that they knew what is understood by GIS,

Campbell (1994), found a lack of analytical capability in that is used in their organisation. that it is essential for
British local government GIS, most being used only to sup- their work, and that their organisations were generally

port basic display and query. Zwart (1992) also found that ssupportive of GIS use. So what are the obstacles to the
of 142 systems available. 70% were only capable of display successful use of GIS? A number of options are apparent.
in mapped form the results of textual rather than spatial o

only one of which is a need for increased computing power.

man lations.
Respondents were asked to choose from a list of poten-

The most recent survey in this area (Mann 1997) aimed to
tial advances in order to complete the phrase. 'My work

examine computer support for environmental decision- a
would be made easier by the development of software

making, particularly the obstacles for such use. The sub-

with...'. Although no single advance was desired by a ma-lects were New Zealand resource management prctatbo-

Iority of respondents. 'Friendly interfaces' and ' Focus on
ers.Therespndets (42)wer shon t hav a igh environmental processes' were at the top of the list with

level of computer use (97.3%) and use a wide variety of

48% and 45% respectively (Table I). The computing tech-
systems and software. The desktop office was dominant

nical problems; data structure, speed of processing and
with 82.3% of respondents using word processing as a 'pri- fas graphics wat the mid of the lit

mary use'. Spreadsheetselectronic mail, database use and faster graphics were at the middle or bottom of the list-

dravng cord bewee S2 and32% GI wasconid- Cost was not a prime consideration, and perhaps surpris-
drawing scored between 52% and 32%. GIS was consid-

ingly, neither was artificial intelligence. The preferences of
ered a primary use by 12% of respondents. More than

the EM group differs from the total sample. The main ef-two-thirds of the problems people were working on to fect is the demotion of 'better map production capabili-

more than a week to complete, many took considerably fati h eoino bttrmppouto aaii
mongere Than a s, however, to co elete, m ok cnsatideabn ties'. The three most desired improvements for this group
longer. There is. however, a large level of dissatisfaction

are for a change to 'focus on environmental processeswith computer support for their work. with 35.3% dissat-
rather than computer operations', 'friendly interfaces' and
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Friendly interfaces (48) > < Focus on env process (54)

Focus on env process (4S) Friendly interfaces (49)

Map production (40) Helps communicate decisions (40)

Helps communicate decisions (3 I) Approaches represent problems (34)

Uncertainties in data (31) Knowledge bases (31)

Knowledge bases (30) Confidence of result (31)

Easier to learn (28) Map production (29)

Efficient data structures (25) Easier to learn (29)

Faster processing (25) Easy methods of input (29)

Approaches represent problems (25) Uncertainties in data (26)

Easy methods of input (25) Efficient data structures (20)

Confidence of result (24) Faster processing (20)

Cheaper (22) - Non spatial (20)

Faster graphics (19) Cheaper (17)

Non spatial (13) Faster graphics (II)

Artificial intelligence (10) Artificial intelligence (II)

Taile I 'oftivan: I pret'Ii'i'Ic i' for totatlsiomple amul m'ramunlAamu''s

software that 'helps communicate how decisions are made'. ing what implications emerge from this work for the

Again, the engineering improvements scored lowly, broader area of GeoComputation. *__
The total sample ranked 'with more friendly interfaces' After examining current decision-making, a decision build-

highest in their software preferences. For environmental ing environment was proposed and a set of conceptual

managers, it ranked second behind 'focus on environmen- criteria were derived that, it was argued, would lead to

tal processes'. Nielson (1993) points out that a system improvements in decision-making. Existing support sys-

"does not have to be friendly, just not get in the way of tems were examined and it was shown that a major obsta-

their work" (p 23). In terms of this not getting in the way cle is the lack of a system that integrates components of

of work.the high ranking of the two software preferences. GIS with process modelling functions, particularly those

'with a focus on environmental processes rather than corn- used in Visual Interactive Modelling Systems (VIMS. Pidd

puter operations' and 'with approaches that better repre- 1996), A new approach, Spatial Process Modelling was

sent the problems I work on' is somewhat removed from proposed that combines GIS with VIMS. Detailed design

the argument that we must adapt our ideas to parallel specifications were developed that were used to develop

processing. a prototype system. This system, the Spatial Process Mod-

elling System (SPM1S) allows users to build complex envi-

Improved GIS ronmental models simply by drawing diagrams (see Figure

The findings briefly presented above were used by Mann I). These diagrams consist of three components, spatial

(1997) as part of a project that aimed to improve the sup- objects (maps), data objects and process objects. These S
port of regional environmental decision-making. This components are linked together to form the model struc-

project successfully took the approach of placing much ture. The system interprets the diagram and performs the

effort on identifying needs before specifying tools. The processing, after processing the thumbnail maps are up-

resulting tool is briefly presented with a view to examin- dated with new values were needed. As models may in-
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clude feedback loops and be defined for any time period, icon represents a hypothesised burn response curve (over

scenario development and prediction testing is possible the IS years), because it is hypothetical and may be con-

(cf. systems such as Albrecht et al. (1"97) which do not troversial it is annotated with appropriate comments. The

allow feedback and are therefore workflow representa- response curve is combined with the affected area, re-

tions). It is intended that the SPMS be used by individuals turned to a multiplier and combined with the normal

or in workshops. growth before being fed back into the vegetation map. This

In Fgur I te uer' modl sown eprsens th efect model may be run and shows that the vegetation does not

of burning on vegetation growth. The user first built a flyrcvroe h 5yas h srmyte x

simple model to predict vegetation growth. The vegeta- plore the effects of changing the fire response curve or

tionmapat te tp lft i joned o agroth cmpoent growth conditions, or adapt the model structure to inves-

along with a data file icon which represents growth condi- tiaesyhefecsoinldgattuentessem

tions over 15 years. This user's model has a time step of a In order to test whether the proposed decision building

year. and is set to run for 15 cycles (years). Originally the environment embodied by the prototype 5PMS resulted

user had feedback from the growth component back into in measurable benefits in decision-making. the SPM'S was

the vegetation map which was updated for each cycle. To evaluated for its contribution to decision-making stand-

explore the effect of burning a part of the landscape, the ards. Practitioners in environmental management used the

model was adapted to include a burning component. The SPMS to complete some model building tasks taken from

lower map on Figure I is an area to be burnt. The fire data current issues in environmental management. They were

A4 I I~ Irm~ Ii I •oppteo
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then asked how the system would functon in terms of w they could see the benefits of altering components

decision-making standards. They found that the system to test model structure and the annotation of this action,

would help in understanding the problem, developing so- they felt this procedure should be formalised in some way.

lution crita using relevant information.generatug a range commenting "How would you fnd out what you left out.

of alternatives, exploring uncertainties and in examining and "Examining consequences dependent on data quality

consequences. to assist in analysis of uncertainty".

The perceived potential benefits of the SPMS may be re- Another area of discussion was over a conflict in percep-

lated to a number of factors. The ease of use and overall tion, is the SPMS a tool for detailed analysis or one for

satisfaction sugest that the users' model is matched by exploration and discussion? It is believed it can be useful

the system model (Pidd 199%). It is also a definite move in for both, an assertion backed by one participant's coin-

the direction of Davies and Medyckj-Scott's (1994) aim to ment: "this is a big step in getting both discussion and (ana-

break down differentiation in terms of control and user lyticaQ] quantification beyond hearsay and straight bicker-

display representations. Further, inWoodmansee's (1968) ing". If the SPMS is to be used for analysis, methods for the

terms, the user can not only envision several layers simul- validation of structure and investigation of error are needed.

taneously, but also the links between layers are made ex- The current system offers little beyond Rothenberg's

plicit. (1991) 'naive perturbation' and the flexibility to change

model structure and dynamics. Automated sensitivity test-Participants were asked whether the system would be a

useful tool in described environmental management sce- ing, whereby the value of each variable is systematically

narios. The scenarios provided a check that the experi- perturbed and the effects on results examined, would be
beneficial. This may, however, be prohibitively time con-

mental tasks. which had centred on modelling, were seen
suming. One option would be to develop an architecture

to fit into the wider aspects of decision-making. One sce- s

nario was adapted from an issue with which some partici- whereby, once a model is constructed, it is sent off to a
more powerful computer for immediate or delayed batch

pants had current involvement. It was stated 'In preparing

a regional plan, a planner considers the effect on river flow processing. This would require a protocol for the transfer
of models and data such as that currently under develop-

of potential forestry plantings in medium sized catchments
merit by Mar" et at. (Geocompuration '97).

with summer low flows. Knowing that trees reduce run-

off, it is proposed that plantings be limited to below 300m'. The validation of developed models is unlikely to be a com-

All participants responded that using the SPMS in this sce- pletely objective process. Pandey and Hardaker ( 1995 p

nario would be useful. A policy analyst. for whom this was 446) pointed out that as "no model can be like the real

a real and current problem, commented "That's exactly system in the sense of being identical with it..the problem

what the problem needs". This differs slightly from the therefore is to decide whether a particular model is'good

responses of others who saw this scenario more from an enough". As 'good enough' means that it performs "ac-

analytical perspective; "may be a complicated model with ceptably closely to the real system in some selected. im-

considerable scientific data". Nevertheless, they all still portant respects" and the selection of these important

thought it feasible and beneficial. The differences reflect a aspects relates back to the purpose of the modelling, the

difference between the group who see the model results model validation itself is a "subjective and uncertain proc-

as important and those who see the modelling itself as ess". H4ow to support this validation process without in-

important terfering with benefits of the simpleVIMS approach should

When participants were encouraged to consider features be a focus of future research.

for future development of the SPMS. they responded that One of the questions posed in the development of the
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spcifications for the SPMS concerned how much corn- to proceed with this may be to allow the user to embed

plexity should the user be presented. The participants in models with different time-steps. This may also allow the

the study found the complexity appropriate. The problem development of non-linear models.
of the need for mathematical work-arounds (for example,

The emphasis on modelling in a visual environment facili-
the 'plus I' component in Figure I ) would be reduced bythe plu I'compnen inFigue 1 wold b reuce by tates the expression and exploration of understanding but

the 'equation builder' including more complex equations. an exploratt on of de rstan icbuit still comes dlown to a matter of defining mathematical
A new release of idrisi (Eastman 1 997) has an 'image cal- relationships (interactions) between objects. The SPMS

culator' which allows the construction of extended equa- achieves an ability to represent model structure in a way

tions for "creating and running GIS models". It contains t better represents methods of environmental manage-

only calculator functions (i.e. non spatial) and does not ment but still forces a numerical approach. This may not

permit feedback loops, both factors meaning complex spa- appropriate for all scenarios. It would be difficult to rep-
tial models cannot be constructed, but it is a step in tie resent a decision that is expressed in the form "I move the

right direction. ewe flock when I can see the tussock flowers from the

The decision building environment was intended to assist woolshed". It is worth noting, however, that while this

with what Lowes and Walker (I 995) called "novel prob- may be difficult, it would not be impossible. Influence dia-

lems" that Fedra and Reitsma (1990) described as not jus- grams, which operate on 'this factor has a positive/nega-

tifying unique solutions. The SPMS may be considered a tive influence on this factor' remove the need for math-

simple programming language capable of rapid construc- ematical expression but accordingly.are not operable simu-

tion of flexible models. If the SPMS was to be used regu- lation models. Other options include natural language

larly in a region dealing with similar or related issues, it processinggraphs drawn by hand or other less mathemati-

may be beneficial to develop a library system for larger cally less rigid methods. Perhaps a system that operates O

pre-built model components. This might include compo- on different levels would allow the appropriate represen-

nents representing, for example, a tussock growth modef. tation for each case.

a sheep model or river flow model. It would be a fine line The explicit representation of model structure goes some
though, these components should be able to be brokeng tway in reducing uncertainty. The representation of struc-
down and have assumptions changed and not become large ture and tools for annotation used by the SPMS provide a

black box components. A further, complementary option reduction of the problem described by Robertson et at.

would be to employ templates for models. Such templates (1991 p I) as "current modelling tools do not provide ad-

might give the structure and dynamics of generic 'river equate support for documenting important modelling de-

flow' or'grazing'model, cisions and this makes it difficult for them to be under-

One of the important advances this study has shown is stood by others". The appropriateness of decisions though

the benefits of incorporating time as an integral compo- still relies on the REDM practitioners (and stakeholders)

nent in spatial modelling. This has allowed the construc- judging the quality and relevance of description of the prob-

tion of models that include feedback and prediction over a lem (aka the model). Assistance may be incorporated di-

number of cycles. These cycles may be named 'years' or rectly into computer systems or be used by a facilitator.

'months' but this is arbitrary. The system has no inherent This might include decision-making criteria based on nor-

'knowledge' about the relationship between a day and year. mative standards; 'have you included all available informa- S
There is a need to further develop the temporal concepts tion?' or model quality criteria such as those discussed by

to allow more complex arrangements of time/class data Openshaw (1995).

objects (to support, for example, grazing management If such context based assistance (Hoschka 1996) was em-

charts) while retaining the iconicVIMS approach. One way

rU I IJ 1i j L
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bedded in a system. it could be amalgamated with compo- easy to lose track of what the program is actually doing"

nents that facilitate the development of models. Wakers and 'discourages efficient changes and modifications",

(1966) and Grayson et al. (1994) described the process by Min.r and Dowers (1996) discussed a laered approach
which models may be developed. They suggest identifying

for parallel processing where "parallel libraries in effect
key indicators and then articulating variables and proc- hide the parallelism from the developer of an application.

esses that directly affect the indicators and continuing un- and so reduce the parallel computing expertise deaded

til boundaries are reached where it is felt further elabora-
tionwoud unecssay. hiletheSPM enourgesthe of that developer" (p 602). If such a layer was to be incor-

tion would unnecessary. While the SPtIS encourages the
porated into a buffer computer in much the same way as

development of a model following this approach it is not
for distributed database design. jobs could be submitted

actively facilitated. A similar approach to model develop-
over the internet from systems such as the SPMS in in-

ment is to define high level relationships; in a pastoral sys- over the i roce msingcmay th e too

tem model example this might be a grazing/growth rela-ocessing may oherwse become too
ternmodl exn•4e tis mghtbe agrainggrowh rla- strenuous for local processors. This would allow a shift in

tionship. Each component may then be further defined or
emphasis and a redefinition of 'users' and 'developers'. The

'exploded'. While this is a simple concept on paper or a pS has shown that practitioners (users), can develop

whiteboard. such hierarchical processing is a complex com- rnMS has wn hat previo usey can do p

putation task but has been successfully applied to Petri

programmers (developers). Effort in Geocomputation
should be aimed at facilitating this transfer in HPC.

Lessons for Geocompu tation Landauer (1996 p 6) described phase one of computing

There are a number of implications of this work for devel- whereby "computers can do anything that can be reduced

opers of Geocomputational approaches. The first are di- to numerical or logical operations" and that these 'easily

rect implications, while a second group acts on a more reached fruits have been picked". "Helping people think"

fundamental level, is the next goal and is reflected in the conceptual criteria

as 'Emphasis on facilitating human interaction and thinking
Many of the limitations of the current SPMS are related to for both workshop situation and single user'. Burrough

an ability to process spatial data more effectively. This is and F rk sh5p it05) ar d that utere s large

particularly the case for sensitivity testing. A grand chal- b n the c o thewa in i peope can

leng. tenwoud b todevlopan rchtecurewheeby between the richness of the ways in which people can
lenge. then, would be to develop an architecture whereby perceive and model spatial and temporal phenomena and

systems such as the SPMS could make use of increased
the conceptual foundations of most commercial geographi-

resources. cal information systems". This is only worsened by ex-

Maxwell and Costanza (1995) used parallel computers to pecting users to port their understanding to high perform-

drive models generated in theVIMS, Stella, for every cell in ance computers (e.g.Turton and Openshaw 1996).

a landscape. Bridging programs allowed communication

between cells such as for the lateral movement of water. Conclusion

This. however, is a large scale solution, and beyond the This paper has argued that the GIS revolution is not over.

capabilities of REDM practitioners.Westervelt et al. (1995) A greater use of HPC in geography is supported but

describe a similar Dynamic Spatial Ecological Modelling progress does not, however, rely on a few enthusiasts

(DSEM) system. They report that while model develop- porting existing models to more powerful computers while

ment within the VIMS (again. Stella) facilitated collabora- the real users become frustrated with inappropriate con-

tion and model design, those parts of the process that ceptions of their problem space. An example was described

required a (FORTRAN) programmer, meant "it is all to of a GIS modelling system built to problem solving crite-
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ria It allows predictive and exploratory modelling of envi- material for version 2). Clark University Graduate

ronmental systems in a manner that is not fast but allows School of Geography.USA, http/J/www.idnsi.clarku.edu

something to be done that could not be achieved before. Fedra. K. and Reitsma. ft. F (1990). Decision Support and

In its present configuration, the system lacks sensitivity Geographical Information Systems, (in) H. J. Scholten

testing as this is indeed prohibitively time and resource and J. C. H Stillwell (Eds) Geographical Information

consuming. An architecture is presented that makes use Systems for Urban and Regional Planning. Kluwer.

of the internet to remotely use parallel computers where Dordrecht, p1-1 8

appropriate as part of the normal workspace.

Supercomputing and GIS can become closer, even to the Grayson, R. B.. DoolanJ. M. and BlakeT. (1994). "Applica-

extent of forming a new field, but this 'GeoComputation' tions of AEAM (Adaptive Environmental and Manage-

should be seen as part of a move to empower users not ment) to Water Quality in the Latrobe River Catch-

lust to give them more power. ment." journal of Environmental Management 41: 245-

258
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ABSTRACT neural networks, as first proposed in the 1
9

60s (eg.Amari.

Artificial Neural Networks (ANNs) are well suited to im- 1967), with a plethora of methc.'"logies available to con-

plementing supervised classification tools for GIS dat.They fuse the inexperienced user.This article is concerned with

make no assumptions about the statistical nature of the classification strategies and predicability of neural network

data, can be used with ordinal and nominal data types to- classifiers, specifically in regard to our own neural net pack-

gether and can be trained with comparatively few training age, DONNET. which stands for Discrete Output Neural

points, as they do not have to choose a data distribution NET and is available via the World Wide Web on http://

model. unlike techniques such as Maximum Likelihood Clas- www.curtin.csigis.

sification. Neural networks have often suffered from the dual spec-

However, training these neural network classifiers can be tres ofdifcuky-of-use and lengthy oaining times (Skidmore,

a time-consuming process, with no guarantee of the out- 1995;Wray, 1996). In addition, the abundance of variations

come. In this paper, the author presents a methodology to the basic neural net paradigm available, makes it difficult

for determining whether learning is practical for a given for users not involved in the field to select the package

network on a given data-set, prior to commencement of most appropriate to their needs. DONNET is a neural

the training phase.This is achieved by examining the error network package specifically targeted towards users wish-

scores at the initial class boundaries and checking for re- ing to classify GIS data, across a range of statistical types

dundancy in the network hyperplanes. This redundancy (eg remote-sensed images, environmental surfaces, rock/

indicates how much flexibility is available in the network soil classifications etc). In this paper, we examine how the

to learn complex boundaries, learning phase associated with DONNET can be stream-

lined to the point where the GIS user can determine the

1.0 Introduction suitability of the methodology to his/her particular task

Neural networks have been used by the GIS community prior to actually starting the learning phase.The paper is

now for several ears as an alternative tool for classifica- organised as follows:

tion and feature extraction (Lees, 1994). Many commer- Section 2 describes DONNET's position in the hierarchy

cial neural network software packages are currently used of artificial neural networks and gives a brief overview of

by the GIS professional and the next few years will likely the differences between DONNET and other networks.

see more of these classifiers integrated into GIS packages Although the final aim of the DONNET project is to pro-

themselves.There now exists many variants of the original duce a'black box' classifier, it is often instructive to under-
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stand the broader machinations of such a tool. Section 3 is cation (MLC) provide examples of unsupervised and su-

a refresher on the basics of neural network operations as pervised classifiers respectivelyAn unsupervised classifier

they pertain to DONNET. briefly presenting the functional is free to pick its own generalised pattern structures

and conceptual models. Section 4 introduces methods of (classes), i.e. it separates the given data into classes based

rating classification.We then introduce a methodology for on similarities it distinguishes within certain groups of ex-

assessing the learning capability of DONNET as a GIS clas- amples of the data. As such, the user does not have any

sifier prior to trainin% using the data analysis abilities in- control on how to classify the data, or how many classes

herent in the network to highlight problem areas.An ex- the data will be partitioned into.A supervised classifier is

tension to the model is considered in Section S. Finally, provided with a 'teacher', normally in the form of a file of

Section 6 presents the conclusions and the direction that target classes for each member of the training set. In this

further work will take in this field. way. the user can control how the data is to be partitioned

and, for this reason, supervised classification is generally

2.0 The Neural Network Hierarchy more common for the classification of GIS data.

2.1 Application Types DONNET is a multi-layered perceptron (MLP) configured

Neural networks cover essentially two broad automation as a supervised classifier. It is customised for handling large,

tasks in Artificial Intellegence - function approximation poorly separable datasets. with small sample sizes, corre-

and pattern recognition (Pao. 1989). In the former, the task sponding to limited ground truth.

is to learn a specific function of arbitrarily many depend-

ent and independent variables from a set of known rela- 3.0 DONNET - An Overview

tionships and then interpolate for unknown dependent 3.1 Introduction

variables. In the latter, the task is to learn to recognise Most of the material in this section has been covered in
several distinct generalisations of specifically presented

more detail in previous papers by the author (German,
patterns and then pick these learnt'classes' from a set of 1995; German & Gahegan, 1996) and others (Bischof et.
unknown patterns. In terms of actual architecture and im- al.. 1992; Dunne. 1993). Here we simply present the basic

plementationthese two types of nets can be quite similar, concepts of DONNET, as viewed from both the functional

(if not identical), but the way in which th-.ir functional char- and conceptual models.

acteristics are modelled is quite different.This conceptual

modelling is, of course. merely a tool to help in our under- 3.2 Functional Overview of the MLP

standing of the relationship between the network's proc- The architecture of DONNET consists of an input layer, a

esses and the task at hand, so should not be considered as hidden layer and an output layer.The input layer is passive.

a literal description of the network's implementation. whereas the nodes of the hidden and output layers per-

DONNET is firmly geared towards the pattern recogni- form sigrnoidal transformations of their input data. The

tion cask, although with some modification, it can be im- number of input layer nodes (p) represents the S
plemented as a function approximator. dimensionality of the feature space, whilst the number of

2.2 Classifiers nodes in the output layer (q). is the number of partitions,

or classes, we wish to impose upon this feature space.The
Within the domain of pattern recognition, or classifica- number of hidden layer nodes (h), is dependent on q as:
tion, there exists two main families of classifiers. sup~ervised

and unsupervised. This parallels the hierarchy within the sta- h = (q x (q- I))/2 q>2

tistical classification scheme, where such methodologies the formulation and reasoning for this is presented in Ger.

as K-means clustering and Maximum Likelihood Classifi- man & Gahegan (1996) and Gahegan et. al. (1996). Hence

4 PrceInIgIs o i~eI ( ILVJ Io n 97r Si ILI I
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the architecture of the net is completely determined from position each pairwise separating hype-plane. as a good

the training data and the number of required classes, with- approximation to the optimal discriminating position. In

out assuming a particular distribution for the dat. terms of the weight-space, we have fitted the network with

weights such that the starting error is in the neighbour-Supervised classifiers learn by trying to minimise the er-
hood of an acceptable minima.

ror between the target set of outputs provided by the

supervisor, and the learnt representation of the data by 4.0 Predicting The Learning Ability of

the classifier. DONNET's learning phase (as with most DNNET

MLPs) can be analysed as tour separate sub-phases:
4.1l Classification Accuracy

I. For each sample (the input vector) in the training-set:
With real-world GIS classification problems, it is unrealis-a) Propagate the vector through the net.

b) Compare the outputs with the target values and tic to expect 100% classification accuracy on all data-sets.

calculate an error figure. Therefore, once a classifier is trained, the user normally

c) Back-propagate the error throughout the network's requires some indication of its accuracy, prior to being

weight connections to give the grodient (derivative) of used on a particular data-set.Two types of accuracy are of
interest to the GIS user:

each weight with respect to the current error.

2. Update the weights using the derivative information, via The ability of the net to learn from the datam i.e. its

some form of minimisation scheme to minimise the final ability to classify the training set.

error figure. The ability of the net to generalise, i.e. it's perform-

The total error for the training set is then compared to ance on previously unseen data.

some pre-set tolerance and, if not met, the whole training Accuracy is normally measured by passing a set of exam-

set is again fed through the netThis is termed one epoch, pie data through the network and reporting on the number

or iterotion. It typically takes a few hundred epochs for of correctly classified samples.Two points immediately arise

DONNET to converge (reach a stable minimum error from this:

configuration).
How to present the classification accuracy to the user.

:3.3 DONNET Conceptual Model How to select an appropriate example set

Each hidden layer node, along with its associated weight Selecting the appropriate example set is a delicate issue

that is beyond the scope of this paper. Suffice to say that itconnections to the input layer, represents a cutting

hyperplane within feature-space. A particular hyperplane is important to maintain statistical independence between

is moved through feature-space by changing the values the training set and example set used when te

the weights going into the associated node. At start-up, generalisability of the network is to be ascertained or

DONNET creates enough hidden layer nodes to span all measured (Sarle 1994). Here we are not concerned with

possible pairwise separations of the classes. It is the task the generalisability, but with the ability of a given network

of the learning phase to position and connect these to learn from a particular data-set

hyperplanes so as to separate the classes in as effective a 4.2 Presenting Classification Accuracy
manner as possible. The starting position of these The way classification accuracy is reported is affected by
hyperplanes has been shown to dramatically affect the

several factors:
speed of convergence of the network to an optimal solu-

tion (see Dunne, 1992; German, 1994).The special instance The relative number of samples in each class.

of Fisher's Unear Discriminant for the two class problem The number of independent ground-truth sites avail-

(the first canonical variate) (Mardia et.al.. 1974) is used to able.
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The requirement of either overall, or class-by-class analysis, one obvious problem with using simple single fig-

accuracy. urn such as PCC and ANR is that -t do not inform the

Generally, the reporting of neural network classifier accu- user about the accuracy in any specific ar of the dan-set

racy has been a little inadequate. To some extent. this is feaure-asace. Reporting each specific class accuracy or sim-

due to most early neural network research work being ply reproducing the confusion matrix conveys more infor-

done with artificial dan,-sets, in which the number of sam- mation to the user on the classifier's performance, which

pies in each class is constant, as much ground truth as can be used to help assess the confidence one has in the

required is available and only overall accuracy is required. classification in different areas of the data-set.

Subsequent researchers, in an attempt to directly com-

pare their classifiers' accuracies with previous work.have 4.4 Qualitative Analysis Of The flaining

tended to select data and report in asimilar manner Hence Set Using The Network

the most common form of reporting neural network ac- We wish to predict whether a useful classification is achiev-

curacy is to give the total number of correctly classified able with a particular DONNET architecture, fitted with a

samples in the example data-set, usually as a percentage set of starting weights, on a specific training set.Although

(see Civco, 1993; Kamata 1993 and Skidmore. 1995 for this will not give us any indication of the generalisability of

examples). This figure, (PCC, or percent correct) can be the network. it will allow us to decide whether or not the

very misleading if the class sizes are not identical. As an dam set and the classification scheme we wish t impose

exercise, compare Tables I a and I b. examples of a confu- are con*IpO.A DONNET methodology.We will

sion matrix. Assume that classes I and 2 are very close in satisfy ourselves, for the moment, with being able to an-

feature-space and hence more difficult to distinguish, swer the question:

whereas class 3 is easily separable (for example, lupins, Wif training produce a stnfcont improvement in the classiC-

wheat and water respectively). In Table Ia, all class sizes cation rate over our initia, or starting clossiflcatien?To begin,

are equal. so the final figure of 43% PCC better reflects we can make use of the initial weights used to identify

the difficulty the network has in separating classes I and 2 difficult classification decisions. In the following.we assume

than in Table I b (67% PCC), where the majority of sam- that the costs of misclassification are identical for each

pIes are from class 3.A better approach is to quote the class.

average per-class accuracy (the Average Normalised Re- DONNET initially constructs the network with as many

sponseANR).This gives a figure of 43%ANR in both cases.
hidden-layer nodes (corresponding to separating

The ANR figure is useful for comparing the accuracy of hyperplanes in the feature-space) as needed to do a

different classifiers on the same data-set. However, for data pairwise separation of every possible pairing of the classes.

Table Ia 3 class confusion matix, equal class sizes Hence, if there are four classes, six hyperplanes will be

Class) Class2 Class3 Totals used, as there are six unique pairings of classes possible. In

True I 4 2 4 10 many cases however, one particular separating hyperplane

True 2 3 5 2 10 may separate two or more other classes. For example.

True 3 5 I 4 10 hyperplane A may be constructed to separate classes I

Table lb. 3 class confusion matrix, unequal class and 2tbut coincidentally may also separate classes I and 3,

sizes the task for which hyperplane Bwas constructed. In a sense,

Class I Class2 Class3 Totals hyperplane B is "redundant" and could be used elsewhere

True I I 3 1 5 if required. so moving the hyperplane out of this local re-

True 2 0 I 4 5 gion of feature-space will not increase the classification

True 3 I I IS J 20 error between these three classes.
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Pruning algorithms hav been developed by both the deci- mom than this from the matrix. however The rows am

sion tree and neural network communities for reducing the true clas allocations and give the errors-of-omission.

the size of networks (wee Briernan et. al.. 1W98. Dunne et. or conditional probability distributions. The columns give

al. 1992). Dunne et. al (1992) identfis each pairwise sepa- us the errors-of-commission. So from Table Ib. the classi-

raton task occurring at every hidden-layer node by ex- her has not only classified I samples of cla 3 as class 3,

aminatiom of the activated discriminant score gien at the but also 4 samples from class 2 and I from class I (reading

output of the hidden-lqr nodes as the training set is up column 3). In fact. totaling the symmetric off-diagonal

passed through the network.This is done after training so positions will produce figures for the total errors of clas-

that redundant nodes can be pruned from the network si.ication (the miisclasý tion rat) for each pairwise sops-

(usually a pruning tolerance is set to limit the evel of prun- rating hyperplane. Table 3 gives this "boundary

in&). Generally these pruned networks do not perform as misclassification rate" (BMR) as a block diagonal matrix

well as the unpruned network, since the trained network for each of the three separating hyperplanes. It can be au-

has already optimised its hyperpbnes and hence most, if tomatically derived from the confusion matrix ofTable I b.

not all, are in use. However, the same algorithms can be The AVG column gives the average misclassification for all

used to identify redundant hyperplanes prior to training, boundaries associated with the respective class: hence the

some of which may not be used at all, or using the termi- average BMR of 19% for class 2 is calculated from the sum-

nology of pruning methodologies. exhibit zero confusion. mation of all class 2 columns and rows. We can see that

These redundant hyperplanes can be used by the network the class 1:2 hyperplane is the largest contributor to the

elsewhere in the feature-space, when needed.A task ma- ANR classification error and in general, the average figure

trix can be constructed, similar to that inTable 2.The tasks of 25% shows that the class I region of feature-space de-

listed in the Additional Separations column are tasks per- lineated by the hyperplanes is contributing to the most

formed by that hyperplane as successfully as the Pyperplane error.

constructed to handle them as primary tasks. Hence, Table 3. Boundary misclassification rate as a

hyperplane A not only performs its own primary task of percentage of class sizes

separating classes I and 2. but also separates classes I and Class I Class2 Class3 AVG

3 with the same or better rate of success as hyperplane B. Class I +30% 20% 25%

Hyperplane B is therefore redundant in this localised re- Class2 8%8% 19%

gion of feature-space. Note that this does not necessarily Class3 - 14%

mean it should be pruned.
Some entries in the BMR matrix have a positive or nega-

Consider the earlier three class problem, with 30 samples tive sign associated with them.The positive sign indicates
in the training set (see the confusion matrix ofTable Ib). I that all the errors are errors of omission, the negative
is obvious from the confusion matrix that the classifier signs indicate that all are errors of commission. Non-zero

has correctly classified 18 out of 20 class 3 samples, but figures that comprise of both (dual-error boundaries) have
only I out of 5 for classes I and 2.We can determine no sign and are highlighted in bold.These differences are

Table 2: Three Clas separation. Here, hyperplane B is important, as they indicate whether or nota simple move-

redundant ment of the associated hyperplane will reduce the local

Hyperplane Primary Additional misclassification or not. Figure I shows the differences

Class Separation Separations graphically for the two dimensional case, with the separat-

A 1:2 1:3 ing hyperplane shown as a heavy black line. In Figure la, a

B 1:3 - single-error boundary is shown for two non-overlapping

C 2:3 classes (in feature-space). A simple local repositioning of

I I I H H i
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the separating hyperplane will reduce this error, ieally to 2. Dual-error figures to be reduced only if there are suf-

zero, by positioning it in the region between the classes. ficient redundant typerplanes avalbe, or the addi-

Figure I b shows the case where there is overlap of the tiordsubtraction functions of the output layer of the

classes and a single-error boundary has been formed. In network can be further optimisedto increase the corn-

this case, the error can be quickly minimised, again by a plexity of the boundary.

local repositioning of the hyperplane. which will reduce it 3. Zero error boundaries to remain in the same state.

to a dual-error boundary. However. if the hyperplane is 4. We would not expect a transformation of dual-error

producing a dual-error figure, as in Figure Ic, then simple to single-error boundaries, as this would not generally

movement of the hyperplane will not suffice to reduce the reduce the local misclassification rawe (see Figure I c).

error significatly and the boundary complexity will have The ability of the network to reduce its classification er-

to be increased. This can only be accomplished by either ror can therefore be determined from these matrices.A

varying the summation of the regions (accomplished at localised repositioning of the separating hyperplane can

the output layer level of the network) alone, or by addi- reduce single-error figures in the BMR matrix. If there are

tionally moving across one or more redundant hyperplares, any redundant hyperplanes in one area o(the feature-space,

to aid in building up the complexity of the surface. The they can be shifted elsewhere to be used to model more

task matrix can identify whether or not there are redun- complex boundaries and so reduce some of the dual-er-

dant hyperplanes available. ror figures.

The BMR matrix can therefore be used to identify prob- 4.6 An Example

lem boundaries and determine if a simple movement of Table 4 shows a typical confusion matrix for a DONNET
the hyperplane is sufficientr ng with the task matrix. we classifier immediately prior to training.The data-set is from
can also determine whether or not there is sufficient re- the Kioloa area of New South Wales,Australia, which has

dundancy in the number of hyperplanes to reduce the dual- been made available as a NASA pathfinder data-set through
error boundaries' misclassification. Ideally, we would ex- the Australian National University in Canberra (Lees and

pect the following behaviour during training, in terms of Ritan, 199).There are 9 floristic-level classes to be de-
the BMR matrix: lineated.Table 5 is the associated BMR matrix.The classes

1. A reduction of single-error boundary figures to zero, are of unequal sample sizes, with the class totals in column

or else a transformation to a lower-valued dual-error I O.The initial classification rate (before training) is 52.79%

figure. ANR (72.15% PCC). Glancing down the main diagonal of

I�: : *llh : i

Iv:

(a) (b) (c)

Figure I (a) single error boundary, reducible to zero. (h) single error bounda.r, reducible to dual (c) dual error
boundary.
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Tabe . w se tatth intil ntwrkconfiguration l- adicofrebythe task matrix. a portion of which is
bela chases 1. 4.5.7 an6 quite well. Hoee.there are shown in Table 6. There are, in fact. 16 redundant

many errors of oisonfor class 1, as indicated by its hyperplanies at the commencement of training ie. 16
column entnies.The conclusio one can draw from this is heranswhose primary separation task is perforned

that the class I region delineated in feature-space by the with the same success by other hyperplane.

bouniln hyprplnes s to *V- te hyerpano it s We can conclude, from this rudimentary assessment of
too loose. In contrast considering the class 3 column, the thiniatskndMRmrceht arf wlgveu
hyperplane fit is too tight - all but one example have been asgiiatipoeeti lsiiaindet wfl
excluded from the class.

Analysing the BMR matrix of Table 5. we find that the class I.Thraeasinfctnubro ir bud-
boundaries 1:4.4.5 and 4:6 overlap considerably. Only II I Tehere ae inficn~tunumbe of teasoingled-yerrorbonds

of the 36 boundaries are dual-error boundaries, there are pstossol mrv hm
12 single-erroir boundaries and 13 boundaries with no er- .Teei ufcetreudnyi.h ubro
ror (overlap) at alI.The class 9 feature-space region is cor- hyperplanes to aid in the construction of more comn-
rectly delineated; in fact, it is likely that many of the associ- plex boundaries for some of the I I cases where we
ated hyperplanes are redundant and can be used elsewhere. aeada-ro onay
This applies, to a slightly lesser extent, to class 8 as well

Table'~ 4 9 Claiss C onfuiontEf Manrx ((0 iterationis)

Class I C1.s2 Class3 Class4l Class5i Class6 Class17 Clasasi Class9 Totals

TruelI 1$7 3 0 13 17 3 0 7 0 230

True 2 26 U 0 5 2 1 3 5 0 s0

True 3 26 2 1 a 4 1 3 2 0 39

True 4 1 39 1 0 l1111 30 0 11I 0 01 189

True S 22 0 0 28, 5S 0 1 0 01 136

True 6 19 0 0 311 2 1S 3 0 0 73

True 7 17 2 0 14 5 6 22 0 0 66
True3 3 0 0 0 0 0 0 122 0 125

True 9 1 ,0 0j 0 0 -0 0 01 0 374 374

Table .5 9 Ciwis BMR Matrix (0 Iterations)

- Class I Class2 Class3 Class4 Class5 IClas,6 CJs7 Class8lClass9 Avg

Classl 1 10.4% -9.7% 12.4% 10.7% 7.3% +S.7% 2.2% 0% 7.3%

Class2 - - +2.2% 2.S% -1.1% -1.6% 4.3% -1.1% 0% 2.9%

Class3 - - - 0% -2.3% -0.9% -2.9% -1.2% 0% 2L4%

Class41 - - -17.6% - 11.8% 9.6% 0% 0% 6.8%

ClsasS - - - - - +1.0% 13.0% 0%, 0% 4.5%

C1.s6 - - - - - - 4.7% 0% 0%1 3.4%

Class7 - - - - - - - 0% _0% 3.8%

ClassS - - - - - - - 0% 0.6%

Class9 - - - - - - - - - 0.0%
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7bble 6 Portions ol 7bsk Matrix to 9 C~ms Example complexity has bown incased around these classes.
Prbitavybe 2 0 h Addioasal Again.as expected. no dual-error ocoundarie have been

______ Seperaton ~ aam transaforined into single-error boundaries and all zero-
1 1:2 ono bonare hav remained the same.The overall
2 1:3 1:9,2:9.317,31:9, 4:6.51 loca micasiiti ram associated with class 2 have

28 S:7 .- increased slightly (errors ofconunmission have increased).
29 5:8 4A:6.8. Cla 3 er*rors are apprxiately the same and aig otis-
30 5:9 1:6 - r w decreased Mightly.There are still some single-
36 8:9 1:6 error boundaries left, so we could expect miargusal

In fct.whenownd o thi daa-se fo 2S iteatins. improvements on the classification rate with further

the network produces the confusion and BMR marcso training (but probably at the cost of reduced

Table 7 and Table S. The classification rate is now 65.66% gnrkblc

ANR (with 78.55% PCC).Aa expected, most single-error The procedure for examination prior to traning and the

boundaries have been reduced to lower valued dual-error information that can be derived is thus as follows:

boundaries or zero (12 down to 6). Dual error figures 1. Fit the network with the weights; calculated from the
have been reduced for all class I boundaries, as have all diciiatfntos
class 4 figures (these were the two classes contributing 2. Generate confusion. BMR and task matrices.
most to the overall error rate), indicating that boundary 3. If there are a significant number of single-error figures

7aiih- his,~ Confusion'.)I AXl(Irix (2i i( teraltion)tl

Classl Class2 Class3 Class4 Clasas; Class Class7 Class Class9i Totals

Truel I 19t 4 2 9 Is 3 1 1 0 230

True 2 10 26 0 -3 2 1 4 4 0 so

True 3 I8 5 7 0 4 0 3 2 0 39

True 4 38 1 0 120 IS5 4 11 0 0 1189

True S Is 3 0 27 64 I 3 0 0 136

True 6 7 2 I 24 3 34 2 0 0 73
True 7 7 2 0 8 3 3 43 0 0 6

TrueS 8 0 0 0 0 0 0 124 0 125

True 9 0 0 0 0 0 0 0 0 374 34

Table 8 9 Class BMR Matrix (2.50 iterations)

ClassI Class2 Class3 Class4 ClasaS jClass Class7 Class8l Class9l Avg

Classl 1 5.0% 7.4% 11.2% 9.6% 3.3% 2.7% 0.6% 0.0% 4.9%

Class2 - - +5.6% 1.7% 2.7% 2.4% 5.2% -2.3% 0.0% 3.1%

Class3 - - - 0.0% -2.3% 1+0.9% -2.9% - 11% 0.0% 2.5%

Class4 - -- 12.9% 10.7% 7.5% 0.0% 0.0% 5.5%

Clasas - - 1.9% 3.0% 0.0% 0.0% 4.0%

Class6 - -- 3.6% 0.0% 0.0% 2.8%

Class7 . - - - - - 0.0% 0.0% 3.1%

Clasa - 0.0% 0.5%

Clas9 . - . - - - - 0.0%

48 Proceedings of GeoComputation 97 & SIRC 97



in the M matrix contribuing to the average BMR hidden layer nodes, corresponding to adding more

eigures. a worahsiile rsouuoonn isxl po as to how to posiio thse Amk

pecte.mna. functions fo th n wo to disturb the neonrk's Pori-
4. fj SIF u l~tipepbns rag . reduc- tion in ,,,gli-sace too drawaicaly. The addition of now

Bys uin • th• eff.- ar •-w can bi s cr ts. rtndom weighcu and nodes to a negwork will radican y shift

t. If all prror-eures are dua- " and all ing its position weight-spac , normally with a sinfdcant in-

are ig use, no further s fro t eror reduction can crease m error If we wish to kte p our concein m r i model,

be expecte. a simple soluon is to re-classify the clabg on either side

5.0 xtening he M delof the hyperpbne in question into ar1adiyt conceived

5.0 E6.0nConclusionse

sune llassla, er ae l increases the complexity sau able for
Ther c are two points worth noing about the cotceptual the decision boundaries.Then we can calculate the discdi-

hodel: mcmant iunctlks ti e the nos wmgaht cand cointinr ai a dn-

By using wr e kiat e linear discrth ilal s to calculate nr e hyperpatesing the current position of the net-
the number of hy and dhe corromfptd initial work in weight-spece signikarncly.We can finally do a sub-

re.hts, the noet starts from the assumpton that the clac merge to return to the original amtnber of clstes.

data is linearly separ"cme.This is not as big a restriction

as it thet seem if on ha at ndst seval output clas es. 6.0 Conclusions

Unless all class cantroidso ar closely clustered within a The BMR matrix can be used to identify successful dis-
particular class distribution in feature-space, (if this is crininating boundaries and those that may require add#-

the cut, it is unlikely that any classification strategy doe l c ales.The cask matrix can identc y any redun-

will work), at easa some of them will be linearly sc i - dent hyperplanes in the system. x i roducntion of these mp -

rale. Furthermore. as we have shown, although each trices can be automated and imtlehma ted at any stage of

As implie is liner, complex boundaries can be built the training phase. Examination of the BoR and task mi -

up fnrom a combination of toytrhelaneu allowing some trices priorar to the commencement of traini after fiing

of the non-linear boundaries to be modelled. The the model with the weights derived from the discrwrinant

weilhts point the hidden and output layers allow functionsr can show thun er-wa ute likely improvements

addition and subtracthi o of isolaleatus to jam can be made to the c fiaon. This examination proc-

which helps the network clase non-unimodal distri- ess can also be automavey and can quicwly t ionto the user

butionsn as wcm l as aiding in this . o i here is not enough flexibility in the model to improve

complex surfaces from inividual hyperplanesm the classification rate beyond that produced by the initial

As implied above. the complexity of the decision conditions.This only takes one pass through the trainia-
boundarie is directly related to the number of output set. as compared to the several hundred needed to train

classes we design~te, the network

The astpoit i worh frthr dscusion DO NETmay Further work is under-way to automate the spawning of
fail to classify a high dimensional feature-space into just adionloesw nrqueasicsednSctn
two classes, for instance, because of a lack of complexity 5.0. Alternatively. the user may wish to stop when the

in te dscriinaingbounary(in hiscas, thm wuld hyperplane redundancy in the network has been depleted.

be lst ne yperlan)Aditinall. te stuaton an nse The task matrix can be analysed during training to indicate

wher al hyerplnes ar inuse nd omeof te dscrmi- when this is so.A useful metric for reportin on the spatial

nating boundaries still require a higher level of complexity. distribution of the erro, using the error map generated by

These situations can be overcome by the addition of more DONNET should also be developed.This will depend, to a
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Abstract Suryana (1993).Brimicombe (1993) Altman (1994).Fisher

This paper investigates the problem of integrating fuzzy (1994), soil mapping (Burrough, 1989). land suitability for

clustering theory with raster-based GIS for zonal analysis. agriculture and urban settlement (Wang et oa, 1990). and

A new approach, named the 'Usher's Approach' (UshA). is optimal landfill-site selection (Chanpratheep et atin press).

proposed to provide a solution to the problem. Charac- Although much progress has been made in integrating Fuzzy

terised by its simplcity. yet very practical, this approach Set theory with GIS, till now, the fuzzy clustering is only

has three main advantages: i) it increases the applicability achieved by assigning a membership function to one data

of fuzzy clustering theory in raster-based GIS; ii) it im- layer (or one attribute). Also. no attention has been paid * *
proves the efficiency of data processing and iii) increases to the use of fuzzy clustering techniques on multi-attributes

overall accuracy of the modeling result for zonal analysis in GIS, even dhoigh zonal analysis is quite

common in environmental modelling.Thus. this paper at-
l. INTRODUCTION tempts to fill that niche.

Defined by Lotfi Zadeh (1965). Fuzzy Set theory has proven
In the context of this study, zonal analysis applies to theto be a technique expedient for handling uncertainty, of-

fering the prospect of coping with the inherent complex- specified environmental zone, or area of interest (A0l);

for example, the coastal zone, a river buffer area, florait)y in large-scale systems. It provides the basis for auto-

mated solutions to an extended range of application prob- patches, or site selection. The term 'Usher Approach' is

lems (Shen and Leitch. 13). It has been found tat fuzy coined as an analogy to facilitate explanation of data
processing by the methods discussed in this paper.

relation functions can enhance GIS operations in two ways: pa

i) the system can cope with incomplete and even impre- II FUZZY CLUSTERING THEORY

cise data in a more user friendly environment;and ii) users

are allowed to express their subjective views on the ob- Statistically, classification is to cluster the elements of a set
into subsets based on their similarity according to certain

tained data. As it specially lends itself to representation

and reasoning of transitive changes in geographic phenom- criteria. Clustering includes two aspects: determining group

ena, much attention has been paid to the integration of of elements; the clusters of the groups and determining
the relationship of each element to the group. Methodolo-

fuzzy set theory with GIS, such as in the FLESS system

(Leung and Leung 1 993a; I 993b), IDRIS (Eastman, 1993). gies have been developed for clustering, such as using

and the works by Kollias and Voliotis (1991), Sui (1992), Kohonen algorithms (Pal, 1993). Neural networks
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S.. .. II uss si 97 iO
(Ana 995; Kasabov, 19%) and Fuzzy clustering (Doboi s .4

19O.; Zinmermann I991 ;Terano et a 1 992; Bazdak 12. Layer I92

and Kasabov 19%.).

Among thes, clustering methodologies. Fuzzy clustngerg

aims to achieve a classfcation that is closer to the real-

world. because the object itself is usually of ambiguous, or Layer 2

fhazy nature. Multi-attribute fuzzy clustering is illustrated

conceptually in Figure I. This paper focuses on how to

integrate fuzzy clustering techniques with raster-based L L L L L . L L/ I

Geographical Information Systems (GISs). For fuzzy clus-

tering theory, the reader can refer to works mentioned . S
above.

................. .., . .. ..

Fuzzy clustering involves three steps: ....... .. . .

i) normalising data into the range (0. 1 ........ I-

ii) calculating a similarity matrix; and iii) grouping. Layer.

i) Data normalisation

Data sets are normalised using Equation (1) Figur I )UzzJ Chistennof Mu!n-Iar Layers

X - Xn1t
X= X_- X . .. ........(I) where M is a constant

where x,'is a namorlised attribute value of a pixel. x, is the Equation 3 is illustrated in matrix form by the following : *
attribute value of corespoding pixel in a data layer. x_

and x are the minimum and maximum va2ue in the grid X, xi ... x,..... . J5_'-42)

data set respectively x, i 0.80 0.76 0.91 0.88

x2  0.80 I 0.68 0.95 0.79
The normalisation is applied to all the attribute data lay-

ers. then. followed by calculation of similarity matrix.

ii) Calculation of similarity matrix R r x 0.76 0.68 1 0.77 .08

There are many algorithms for calculating the fuzzy simi-

larity matrix (e.g. Zimmermann, 1991 ).The vector-multi-

plying method is used in this study.A fuzzy similarity ma- 0.91 0.95 0.77 1 0.83

trix nj is created by calculating every other two pixels x.,

x in considering a given attribute value k, e.g.:
x., 0.88 0.79 0.58 0.83 1

xil, xi2....xik Before Fuzzy clustering, the matrix rij must be converted

xjI, 1xj Z.... 2 xj k into a transitive form, that is:

The rij matrix is defined as: R2 =ri~j .............. (3) S

JI Ui ) where
I * (itU1) r. =f(r,k Irk) i.j=l 2.....n k=nl

The calculation continues until RI = R'" (n = 2 ........2.
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iii) Grouping takes 4 bytes to record the value of each cell, the matrix

When R' = R', a value of [1, 0 is selected starting from would entail 1.06722 x I0'" bytes (10.672.2 GB!!!). Con-

I and decreasing to 0. AN the pixels, x,x.. , are grouped sidering that the fuzzy similarity matrix is symmetric. i.e.

into classes, the value for x corresponding to x is the same as x corre-

Even though the built-in Fuzzy membership function is a sponding tox, it still requires half size of the memory (i.e

able in some commercial raster-based GIS software, such 5.336.1 GB). Experiments undertaken in this study show
that the required memory volume increases with power

as IDRISl(Eastman 1993). the Fuzzy clustering techniques

described above have not ben ih -based two of the increase in the number of pixels (Figure 2).This

means that doubling the spatial resolution of the pixelsGIS.The FUZZY function in IDRISI does not involve multi-

layer fuzzy clustering as shown in Figure I To-date. m (eg. from 20 x 20 m to 10 x loOi) would require an
increase in computer memory by eight orders of magni-

of these fuzzy clustering applications are only associated
tude.

with a few data-elements (or points), not with the massive

grid data sets, due to problems discussed in the next sec- Therefore, the memory of the hardware is an obstacle to

tion. the application of fuzzy clustering theory of multi-attribute

analysis in raster-based GIS (Zeng. 1991).

Il1. THE PROBLEM OF INTEGRATING

FUZZY CLUSTERING THEORY WITH Two conventional approaches exist to overcome this prob-

RASTER-BASED 615 lem. One is to reduce the data volume through degrading
the spatial resolution of the data set; i.e., to reduce the

As Equations (2) and (3) show, the core of the Fuzzy clus- numbers of pixels by increase the pixel size, sacrificing ac-

tering method is the calculation of the fuzzy similarity curacy. The other approach is to subdivide the data set

matrix.The more numerous the data elements (or points) into smaller files, e.g. tiling an image, though this results in '
become, the larger the matrix. The size of the matrix in- an increase in CPU time as well as cost. Experiments show
creases exponentially with increasing numbers of the pixel that it takes more than 38 CPU hours to process a data
space (Figure 2). For example, if a grid data-set covers an set. containing 7 data-layers (covering 22 X 21 km with

area of 22 x 21 km with a pixel size of 20 x 20 m, giving pixel size of 400 x 400 mi) for fuzzy calculation using a
1100 x 1050 pixels, the size of the fuzzy similarity matrix Pascal program onVAX machine (Zeng. 199). Fuzzy clas-

would be (I 100 x 1050)2 x 2 = 2.66805 x 10". Since it oifftarinn ri higbhr resat'ainn data cat fdi nnt ho done

E+12

Num birter of PuIK

.............. ............ .--t . . . . . . . . . . . . . . ...................... ..... ............. ...... .

S ~~.~ ---------0 ,

0 10.000 40.000 160.000 360.000 640.000 1.000.000number of pixels

Figure 2 Mernory Required vs Number of Pixels
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due to limitations of memory resources and time con- (set transformation) of the basic axioms of traditional set

straints in a real-world project. Even though if it could be theory (Jech. 1978). Given a universal set U (x). there is a

done, it would be very slow and costly. subset A(x) that satisfies the following conditions

A variety of methods for compressed .mage storage are U( .l, ) • Al ., )

available, such as Quadtree Decomposition (QD) (Fisher. U ( , ) A ( .v,, ) .......... (4 )

1995). and image partitioning (Eshaghian. 1991 ). However,

hese methods require complex block classification (seg- This projects a three dimensional, spatially referenced at-

mentation) prior to image compression and are of more tribute data set U (x) into a one dimensional, aspatial sub-

relevance to image processing. For environmental studies, set A(x,) which meets the requirement that . A(x) the

the interest is usually focused on only parts of the whole subset of U (x), can subsequently be used in the fuzzy

data set for a study area. For example.a study of the coastal clustering calculation.The resultant data set A' (x,) is then

impact of climate change focuses on phenomena along the converted back to a spatially referenced data set U'(x)

coast zone (Cowell &Thom. 1994.Cowell etal., 1995.196). (Figure 4). During the data processing, the individual value

Anything outside the coastal zone is not considered (or of the data set is extracted and stored in the new subset

only as an external factor).This area of interest (AOl) is A(x,).When the fuzzy calculation is completed for pach x.

referred to as the "zonal area" as illustrated in Figure 3. the resultant data A'(x) is then restored into its position

Therefore.an Usher'sApproach is proposed and described one by one, in the same way as an usher in a theatre works.

in next section. Therefore. the procedure is termed Usher's Approoch

(UshA).The procedure is described below.

IV. CONCEPTh AND PROCEDURES OF

THE USHER'S APPROACH (UshA) 2. The Procedure of UshA

The first step is to utilise other GIS function to separate

1. Basic Concept of the Usher's Approach. the data set into two types of area in the same raster file,

For zonal analysis, the area outside the AOl is ignored, as demonstrated in Figure 4.The areas that lie outside the

thereby, reducing the data volume (Figure 3).The theoreti- AOl are assigned a value of zero. with the remaining zones

cal concept behind the Usher's Approach is in projection then subjected to be fuzzy-clustered. Figure 5 shows the

l 1I I ' : • I • •' • I I iL L nL :[ • '1 .. I I :
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V. DISCUSSION data SCLS 1 3
Figure 6 illustrates coastal risk assessment by the fuzzy ! 4 4

12
clustering using UshA approach. In the UshA method,the 2ý 3 9 3

extracted subset is: 1I
86

A(xs) = U(x) - U (0) 8 66 -

where U (0) is the total number of pixels that is assigned (X (X,)

Fuzzy
to zero. Similarity Matrix

The memory required is: U'(X,-) <= A'(X) Calcalatio

M I k*A X )Fi na l 3

- .kLUxoutput 1 1

4
I 4311 3

= •-k*[U(,.,)' -2*U(x,. )*U (0)+U(0)EI (S) 1 1

where k is a factor depending on the data type, e.g. for 2 1 2
1

integer k = 2.

Some GIS software has a 'masking' function that assigns Figure 4. Usher's Approach

zero area of the region outside the AOI.for effective man- VI. CONCLUSIONS

agernent of database;e.g.,'SETMASK' command in the GRID The Usher Approach (UshA) has the following advan-

module in Arc/Info, (ESRI, 1995). However, the zero areas tages:
still take some memory. Other techniques have been de-

veloped, such as Fractal Image Compression (jacquin, 1992; i) UshA makes it possible to implement fuzzy clustering

Barnsley and Hurd. 1993; Fisher, 1995); and Parallel Pipelined theory within GIS for zonal analysis, which was previously

Fractal Compression using Quadtree Recomposition impracticable.

(Jackson and Mahmoud, 1996).These techniques basically ii) UshA significantly reduces memory requirements and

deal with a single image to define a quarto-structure for improves the efficiency of data processing, saving time and

homogeneity pixels of an image, in which there are some cost.

trade-offs in image quality. In environmental studies, par-

ticularly in multi-data layer analysis, the information is usu- iii) UshA increases accuracy in both spatial and aspatial

ally kept as high-resolution as possible, for each individual terms. Because data outside the AOI can be regarded as

pixel in the multi-data layer. If the conventional methods 'noise', the UshA method allows only those data of inter-

discussed in Section III are used, then the resolution of a est to be processed. In this way, the error due to the'noisy'

more detailed data layer must be reduced to match with data is minimised and accuracy will be increased. On the

other lower resolution data layers, due to the memory other hand, if some layers of a database have higher spatial

problems.This diminishes overall accuracy of the analysis. resolutions than the others, then the lower spatial resolu-

In contrast, the UshA method maintains the high quality of tion can be interpolated to increase the spatial resolution

the data-layers.Therefore, UshA is considered a more ap- while the higher resolution remains; the higher the resolu-

propriate approach if the full potential fuzzy clustering ton of a data set, the higher the accuracy of the analysis

theory in GIS is to be realised, result.
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int U (xI.j), U'(Xi.j), A (X,), X(X,),

int , j, a
I F(Xi.j)=: N( X );:
------------

ye ye

Fuzzy Simi)

Calculation & Final

AX.,)=> !A'(:X:,) out put

Fiýgure 5 Procedures of Usher Approach
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The UshA provides a methodlology for realising the inte- Charnpradseep. K.; Zho. Q. and Garnr., B. Preliminary
gration of fuzzy cluster theory with raster-basedl GIS. From landfill site screening using fuzzy Geographiical Infor.

the view-point of environmental studies, in whsich GIS plays macion Systems. Kbste Management mid Research, (in

an ever-increasing role, the spatial patterns of zonal analy- Press, 1 99)

sis shown in Figure 3 are quite common.The application1 Cowell, P.j. and Thorn. B. G. (I 994a) Coastal impacts of
of the UshA is prospective and the technique can bea- climate change - modeling procedures for use in local
plied to many problems in environmental science, such as goenetPrc I st National Coastal Management Con-
bio-environmental studiesnon-point source pollution.wild- ference, Coast to Coast' 94. Hobart. June. 43-50.
life corridors, as well as assessment of coastal vulnerability

due to climate change. Cowell,.P.j, Roy. PS. .ZengTQ. and Thorn. B.G. (1995): Rela-
tionships for predicting coastal geomnorphic impacts of
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Foreword

The second GeoComputation Conference (GeoComp 97) you to know about it. Otgo and Leeds are proud to

and the 9' Annual Spatial Information Research Centre bring GeoComputation 97 and these proceedings to you.
Colloquium (SIRC 97) have coalesced at Otago in 1997. It There is a very broad spectrum of papers and subjects
is an appropriate advance that the University of Leeds and

the verutyof sag cobine thse wo vens wich presente in these proceedings, and furthermore the au-
the University of Otago combined these two events which thors hail from many far flung corners of the globe. The
are having an increasing impact on the geocomputing and research is truly international. The themes that bind the
spatial analys~is communities. . conference are environmental modelling, artificial intelli-

GeoComp 96 was held in Leeds and was a great success gence techniques, spatial modelling, integration of geo-

and 97 continues the tradition. Velcome to the vibrant graphical analysis tools, cellular automata and visualisation.

provincial city of Dunedin and a very warming welcome All these together form a compelling research area -

to the University of Otago. We are pleased you are here geocomputing. The two additional outstanding themes -

and trust that the conference will be rewarding. important for their predicted omnipresence are distrib-

The conference consists of over 40 research papers tt uted environments and data analysis. These two alone will
push the capabilities of geocoinputin to the existin lima-

are either presented orally or as a poster. All papers are

printed in these proceedings and are available in a variety its -and beyond.

of electronic forms - namely CD and eventuaWly on the The proceedings are brim full of the latest ideas and tech-

conference web site. We have taken seriously our obliga- niques. The authors have toiled hard to present their ideas

tion to 'spread the word'. We have made this concerted and the editors have spent many long and sleepless nights

effort for a number of reasons. First, it is important that getting the bound copy to you. Read and enjoy it.

subsequent GeoComp conferences are successful and this See you at Otago now. and sometime, somewhere in the

conference acts as an advertising agent. Second, we be- future.
lieve it is important to test and report research develop-

merits to the industry and for our peers to evaluate our

work. Third, Otago, like Leeds, makes a valuable contribu- George L Benwell

tion in spatial and geocomputational research and we want August 1997
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Some Initial Experiments with Neural Network
Models of Flood Forecasting on the River Ouse
L. See, S. Come, M. )ougherty and S. Openshaw

School of Geography. University of Leeds, United Kingdom
'Centre tor Research on -ltansportation and Society, Hogskolan Dalarna, Sweden

E-mail: L.See(ageog.leeds.acuk

Presented at the second annual con ference of GeoComputatzn '97 & SIRC '97,
Unitmrsitj ot Otago, Neu, Zealand, 26-29 August 1997

Summary proaches, on the other hand. offer real prospects for a

This paper presents results and conclusions from a set of cheaper, yet more flexible, less assumption-dependent and

experiments designed to assess the potential for using ar- adaptive methodology well suited to modelling flood proc-

tificial neural networks in real-time flood forecasting and esses, which by their nature are inherently complex, non-

which highlight the principal benefits and limitations of using linear and sometimes life critical. At a time when global

the technology in this context. The emphasis on hybrid climatic change would seem to be increasing the risk of

approaches reflects the need to integrate existing conven- historically unprecedented changes in river regimes. it

tional methods with alternative artificial intelligence tech- would appear to be appropriate that alternative represen-

niques in order to produce better and more cost-effective tations for flood forecasting should be considered. How-
forecasting systems. ever. these new types of models will need to be less de-

pendent on historical data and rely more on real-time ad- I *
I Introduction aptation to actual flood events, some of which may be un-

like anything seen before. It has also emerged that a criti-Neural networks are widely regarded as a potentially ef- cafctrnahiiggodoelpfracesdi-

fecvecal factor in achieving good model performance is disag-
gregation of the data. This allows the model builder to

non-linear and noisy data, especially in situations where draw upon aspects of domain knowledge whilst retaining

the underlying physical relationships are not fully under- the advantages of a data driven approach. Hybrid ap-
stood. They are now increasingly being employed to model proaches. which supplement conventional methods with

complex problems as both substitutes for, and in associa- artificial intelligence, may well provide both a better and

tion with, more conventional mathematical and statistical more robust forecasting system, capable of adapting to
models. Neural networks are also particularly well suited changing conditions once their construction is better un-
to modelling systems on a real-time basis, and this could derstood and their performance demonstrated on off-line

greatly benefit operational flood forecasting systems which data.

aim to predict the flood hydrograph for purposes of flood

warning and control. Existing flood forecasting models The purpose of this paper is to present a set of empirical

are highly data specific and based on complex and expen- experiments which are part of a aWe on-going feasibility

sive-to-maintain mathematical models. Performance is study to assess the potential use of neural networks for

related to accurate real-time data inputs, the quality of the real-time flood forecasting. A subset of historical water

knowledge used to specify, build and operate the models, level data from the Ouse River catchment in the United

and the ability of the models to respond to dynamic and Kingdom was used to build neural network models for

sometimes rapidly changing events. Soft computing ap- two prediction points in the catchment. Assessment is
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basne n the performance of these models relative to 3 Artificial Neural Networks

benchmark statistical models and naive predictions evalu- Artificial neural networks offer a significant departure from

ated according to goodness of k although in practice the the conventoal approach to problem-solving and have

performance of flood forecasting systems is based on the been applied successfully to a variety of application areas

number of correct warnings issued and not merely on the including pattern recognition, classification, optimisation

accuracy of predicted water levels. Additional customised problems and dynamic modelling. Although neural net-

evaluation measures and the certainty of forecast levels works were historically inspired by the biological function-

are discussed. ing of the human brain. in practice the connection is more

loosely based on a broad set of characteristics which they

2 Conventional Methods of Flood both share, such as the ability to learn and generalise, dis-

Forecasting tributed processing and robustness; see Openshaw &

There are currently two main approaches employed in hy- Openshaw (1997) for an overview of neural networks.

drological forecasting. The first is a mathematical model- The basic function of a neural network, which consists of a

ling approach. It is based on modelling the physical dy- number of simple processing nodes or neurons, is to map

namics between the principal interacting components of information from an input vector space onto an output

the hydrological system. In general, a rainfall-runoff model vector space. These neurons are distributed in layers which

is used to transform point values of rainfall, evaporation can be interconnected in a variety of architectural con-

and flow data into hydrograph predictions by considering figurations. Information is delivered to each neuron via

the spatial variation of storage capacity. A channel flow the weighted connections between them. Information

routing model is then used to calculate water movement processing within each neuron normally comprises two

down river channels using kinematic wave theory. A stages. In the first stage, all incoming information is con-

snowmelt model is also customary in colder climates. An vetted into an activation, where the most common activa-

example of this type of deterministic modelling is the River tion function is simply the sum of the weighted inputs. In

Flow Forecasting Model (RFFS), a large scale operational the second stage, a transfer function, such as the sigmoid,

system currently employed on the Ouse River catchment converts the activation into an output value.

(Moore et at, 1994).
A neural network learns to solve a problem by modifying

The second main approach to flood forecasting is model- the values of the weighted connections through either

ling the statistical relationship between the hydrologic in- supervised or unsupervised training. In supervised train-

puts and outputs without explicitly considering the physi- ing, neural networks are provided with a training set con-

cal process relationships that exist between them. Exam- sisting of a number of input patterns together with the

pies of stochastic models used in hydrology are the expected output, and adjustments to the weights are based

autoregressive moving average models (ARMA) of Box & on the differences between observed and expected out-

Jenkins (1976) and the Markov method (Yakowitz, 1985: put values. These adjustments are calculated using a gradi-

Yapo et at. 1993). ARMA models work on the assumption ent descent algorithm (optionally modified for higher per-

that an observation at a given time is predictable from its formance with refinements such as a momentum or sec-

immediate past, i.e.. a weighted sum of a series of previous ond derivative term). Currently. the most widely applied

observations. Markov methods also rely on past observa- network is the multilayer perceptron using a supervised S
tions but the forecasts consist of the probabilities that the training algorithm, known as backpropagation. Once

predicted flow will be within specified flow intervals, where trained, the network is validated with a testing dataset to

the probabilities are conditioned on the present state of assess how well it can generalise to unseen data. In unsu-

the river. pervised training, the artificial neural network attempts to

60 InlVJ! jLJ dLWI]JiIKSLRII [I S
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identify reationships inhert in the datawen, with a mtx of urban and rural land

edg@ of the outputs and is often used in classification Prob- uses. and is 3286 kin in size. There are three main Utnu-

lems. cnes: the Nidd, the Swale and the Ure. Gauging stations

To dte herehav ony ben ahandul f nuralnetork are distributed throughout the catchment. on each of the
t2tb e that flow into the River Ouse toward the city

of York. Two gug stations were chosen as prediction

Itm.Resarc hasshon tat nura nework hae geat points: Skelton, located just north of York on the River
potential as substitutes for rainfall-runoff models (Abrahart Ons: en . located lurth f Y ork on

& Keal, 197;Mina &Hai. 196;Smih &Eli 195).and Ouse. and Kilgram, located further upstream fromYork on& Kneale, 19"7; Minns & Hall, 196; Smith & Eli, I9"S), and

Yang (1997) has demonstrated the success of neural ne- the River UrAmapofthe study area is givenFigure I

Due to its location far from the headwaters, Skelton has a
works, trained with a genetic algorithm, in predicting daily

river levels on the Yangtze River at Yichang in China. Th relatively stable regime while Kilgrm. situated further

question now is how well can they perform when asked upstream and hence closer to the headwaters. has a re-

gime that is flashier, with corresponding flood types that
to make short-term predictions of river flow. are more difficult to predict. All data were originally re-

corded at 15 minute intervals but to reduce the amount
4 Empirical FExpriments of data and thereby determine whether coarser resolu-

4.1 Prediction Points and Forecasting tion data were sufficient for prediction. hourly averages

Horizons were used. No data were missing in this subset

The Ouse River catchment in Northern England is subject For prediction purposes, operational forecasting horizons

to seasonal flood events and is the focus of attention be- of six and twelve hours are needed. The length of time

cause of the availability of historical data. It is fairly typical required for the practicalities of flood protection (e4g.,alert-

Figure 1. The Ouse River Catchment

I
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mg the police. issuing of warnings to industries and house. Agency. The ,FFS was used to predict five flood events at

holds in the vicinity, protection of property, etc.) precludes forecast horizons of six twelve, eighteen and twenty-four

lead times of less than six hours. In fact, a six hour fore- hours for two stations: Viking, located at York, and

cast is generally too short for large scale floods but in Boroughbridge, situated upstream. The results showed that

real-time operational flood forecasting, the catchment is forecast performance degraded appreciably with an in-

monitored continually and accurate six hour predictions crease in forecast horizon, indicating that neural networks

would still be a useful source of management information, could be used to supplement forecasts at these longer

More critical is an accurate twelve hour forecast which time scales. Since the RFFS has not yet been configured to

would allow flood control teams to respond to imminent output historical forecast data, direct statistical compari-

flood conditions and operate warning systems for the public son was not possible. In the future, as performance is

as well as industries. Water levels of 3 and 2.5 metres at evaluated on additional measures available as model out-

Skelton and Kilgram, respectively, currently trigger standby put, including peak prediction and time-to-peak, additional

alarms to duty officers monitoring the catchment. If the benchmark runs will be undertaken at all prediction points

levels continue to increase, site specific operational instruc- for a comprehensive comparison.

tions are issued such as shutting flood gates and other For this exercise, benchmarks were produced for a six

engineering measures. In parallel, warnings of varying se- and twelve hour forecast at each station by (I) fittingARMA

verity related to flood risk are issued to authorities who models to the data, and (2) by making naive predictions.

inform residents and businesses in the affected areas. Naive predictions substitute the last known figure as the

current prediction and are a good bottom line benchmark.

4.2 Establishing Benchmarks ARMA models use a weighted linear combination of pre-

Neural network models need to be tested and compared vious values and shocks. Five years of hourly water level O

with benchmarks provided by conventional methods. An data (1982-1986) using the measurement at time t and the

initial benchmarking exercise was undertaken to assess previous five hourly observations as inputs were used to

the performance of the RFFS model (MAFF Project fitARMA models to the data using software developed by

OCS967P, 1997). currently used by the Environment

Table 1: RMS errors in metres for the ARMA models and naive predictions

ARMA Naive Prediction

Station Levels Testing Validation Testing Validation

Skelton All levels 0.119 0.094 0.187 0.167

6 hr Low flows 0.082 0.067 0.174 0.154

prediction Alarms 0.228 0.138 0.476 0.437

Skelton All levels 0.240 0.201 0.341 0.309

12 hr Low flows 0.181 0.166 0.319 0.286

prediction Alarms 0.622 0.498 0.926 0.862

Kilgram All levels 0.194 0.184 0.299 0.275

6hr Low flows 0.131 0.137 0.194 0.195

prediction Alarms 0.795 0.734 0.954 0.864

Kilgram All levels 0.224 0.204 0.329 0.300

12 hr Low flows 0.203 0.187 0.293 0.271

prediction Alarms 1.188 1.094 1.329 1.202
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Masters (I 995). Three years of testing data (1967-1988) which can be used to assess overall flood-related per-

were then used to validate the model performance. Table formance rather than performance averaged out on

I lists the RMS errors of the ARMA models and naive all levels.

predictions for each station and forecasting horizon. In Neural networks could be used to improve the forecasts

addition, RMS errors are given for low flow levels and lev- of the higher flow levels and the longer forecasting hori-

els above which the initial alarms are triggered accordirig zons where the performance of the ARMA models is the

to the operational definitions developed by the Environ- prest.

ment Agency (i996) in forecasting flo,3ds on the Ouse

catchment (1996). 4.3 Neural Network Models

A feedforward backpropagation neural network model was
The following observations can be made from the model initially developed for predicting levels at Skcelton with a

results given in Table 1: six hour forecasting horizon using the Stuttgart Neural

a) the errors for Kilgram are higher then Skelton, reflect- Network Simulator package (SNNS Group, 1990-95). The

ing the flashier nature jf the upstream station; same data inputs as used for the ARMA model and naive

b) levels for the longer forecasting horizon are more dif- predictions were employed for testing and validatitn of

ficult to predict at both stations, although the differ- the neural n :work. A variety of different architectures

ence is less pronounced for Kilgram. This may reflect was examined, and the best result was an overall RMS er-

the generall, lower observed levels at Kilgram than ror of 0.108 metres, obtained with a fully connected

Skelton; multilayer neural network containing 24 neurons in each

c) low flows are much easier to predict than high ones of two hidden layers. The network was trained for about

yet it is the flood events which trigger alarms and warn- 17,000 epochs using a momentum of 0.5 and a gain of 0.2.

ings that are of greatest importance; An improvement of just over 9% relative to the ARMA

d) naive predictions are 30 to 40% worse on average than model was obtained. However, after disaggregating the

the ARMA model forecasts for all levels; and, data into low levels and flood events, the results indicated

e) validation results are generally lower than the training that all the neural network improvements over the bench-

results indicating that rhere must be fewer storm events marks were gained on the low level events, and the ARMA

or storms of a lower magnitude in the validation dataset. model and naive predictions outperformed the neural net-

Therefore, alternative performance measures are work at the higher levels. Given that the low level events

needed in addition to global goodness of fit statistics comprised more than 90% of all observations in the dataset.

Table 2: RMS errors in .netres for high level events for both

the neural network and ARMA models

Station Levels Testing Validation

Skelton ARMA 0.228 0.138

6 hr prediction Neural net 0.129 0.118

Skelton ARMA 0.662 0.498

12 hr prediction Neural net 0.343 0.280

Kilgram ARMA 0-795 0.734 I
6 hr prediction Neural net 0.321 0.370

Kilgram ARMA 1.187 1.094

12 hr prediction Neural net 0.440 0.567
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the neural network appeared to be conce-itraung most neural network is only predicting higher levels at which

learning efforts on low level events and was not able to alerts and warnings are triggered as defined above, and

learn the high level events satisfactorily, regardless of net- ARMA predictions -- e substituted at the remaining lower

work size or training time. The final trained neural net- levels for graphing purposes. Looking at only higher level

work also seemed to converge on a similar solution to the events, the amount of overprediction is slightly less for the

ARMA model. ,.e., both models exhibited similar devia- neural network models than it is for the ARMA models.

tions from the actual observations. In general the devia- The amount of overpredicton is also more pronounced at

tions were small oscillations about a very smooth observed longer forecasting horizons. A degree of oscillating behav-

level record and these oscillations were generally more iour is still apparent by the neural network models at the

pronounced at higher levels, accounting for the poorer higher flows, and this behaviour can clearly be seen by

performance. This indicates that both the ARMA and neu- looking at the ARMA model predictions at lower levels.

ral network models are extremely sensitive to small Having established that neural networks can improve per-

changes in previous measurements. Since the number of formance, additional data inputs such zs rainfall and up-
low level events is much larger than flood events, both stream level data appropriately lagged to account for travel
models become good at recognising small changes, but times between stations could be incorporated into the
when large changes in level were encountered under a simple neural network model. These extra variables should
flood situation, the resulting predictions were highly exag- allow the network to learn the rising and faling limbs of

gerated. This also indicates that a global model for pre- the hydrograph more accurately and then more compre-

dicting all river levels is inappropriate. hensive evaluation measures such as the peak prediction

Therefore, a subset of the data comprising only high level and the time-to-peak prediction can be employed to as-

events (as defined above by the levels at which alarms and sess the performance of the models. As mentioned previ-

warnings are triggered), was used to train a feedforward ously, additional benchmarks from the EnvironmentAgen-

backpropagation neural network for each station and fore- cys own RFFS model will then be used to compare per-

casting horizon, Network architecture was reexamined, formance.

and smaller neural networks with two hidden layers of 6

and 12 neurons were finally chosen. Convergence varied 5 7b14ards an Operational Hybridised
between 40,000 and 70,000 epochs using a momentum of Flood Forecasting System
0.6 and a learning coefficient of 0.8. Results from the neu- The inital results of the neural network models for Skelton
ral networks and the ARMA models are listed above in

and Kilgram indicate that there are improvements in per-
Table 2. formance to be gained by using neural networks as an ad-

The results show that there were significant improvements ditional tool for flood forecasting. As a global model, neu-

in overall performance of high level event prediction with ral networks perform worse than statistical models on

the neural network, especially for the flashier upstream the im•ortant flood events but by simply disaggregating

station and for the longer forecasting horizons. However, the data into low and high level events, the neural net-

given that the input data included only previous measure- works can concentrate their efforts on learning a smaller

ments, the neural network models were not able to learn number of similar patterns and thus significantly improve

those situations where the hydrograph was starting to fall, their forecast accuracy. Experiments with a more intelli-

resulting in peak hydrograph overprediction. This can be gent disaggregation scheme have already been undertaken

seen in Figure 2. which shows flood events over a period as part of the ongoing feasibility study, whereby previous

of one month in 1988 (part of the validation dataset). The level measurements, rainfall data and information about

4 II s '9 I
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day length have been clustered with a self-organising neu- the neural networks or for low flow forecasting which is

ral network (Kohonen, 1964). The idea is to produce a less important for flood control.

series of characteristic event types, for example, low level In addition to improving forecasts.a hybridised system will

events with litde rainfall, rising hydrograph events with high need to produce certainty measures, i.e.. an indication of

amounts of rainfall, etc., and build a neural network for the certainty of the forecast which operational staff can

each event type similar to the approach undertaken by use in determining whether to issue a flood warning. As
Van derVoort et al. (1996) in forecasting traffic flow. The PCs and workstations become more powerful, it will be

main advantage of this approach is that each network can feasible to bootstrap the forecasts and the resulting confi-

concentrate on learning only a small task so that training dence intervals can then be used as a means of assessing
is quick; moreover, the antecedent conditions of a wet or

the quality of the forecasts being made. There is no sug-
dry catchment or high levels of evaporation can be incor- gestion that human flood managers should as yet be re-

porated into the models, thereby capturing some of the placed by machines but there is every indication that they

physical properties of flood events which is analogous to may be better able to handle difficult events when aided

the model states of a large-scale hydrodynamic modelling hy itomated, adaptive, smart flood forecasting methods
system. A disadvantage of this approach is the large numý- can learn to trust

of models which need to be built because the total for,

casting will eventually cover I5 prediction points scattered 6 Conclusions

throughout the catchment. However, since training times
Initial results of an assessment of neural networks for real-

are quick, which could be a critical factor in adaptive neu- time flood forecasting indicate that significant improve-

ral networks, overall development time should still be rela- ments in performance can be gained over conventional
tively minor compared to the development times associ-

statistical models and naive forecasts. A critical factor to
ated with large-scale physical hydrodynamic flood forecast- good model performance is in disaggregation of the data.

ing systems. The individual flood prediction models will as a global model appears to be inappropriate for fore-

eventually be linked via a fuzzy logic model that will rec- casting all event types. Neural networks in combination

ommend which sub-network model to use at the current
with conventional methods and other artificial intelligence

time t based on similar inputs used in the clustering exer-
technologies have the potential to deliver hybridised solu-cise. This is a variation of an approach used by Dougherty tinthtcnpouemrcstfecveadcuae

(1997) in which a simple Bayesian technique is used to
forecasting systems. which can be used as part of a flood

switch between different forecasting methods although the
warning decision support system. This allows the model

fuzzy logic approach will be a more generalised version of

builder to draw upon aspects of domain knowledge whilst
the ayeian ne.Whentrasitons etwen eent'pe retaining the advantages of a data driven approach. These

occur, the fuzzy logic model will be able to recommend
neural network hybridised systems are also generic in that

more than one model but to differing degrees and the
they can be widely applied, provided sufficient historic data

resulting prediction will be a weighted average of the sug- ser are ailable. , asocomputer harda ds
series are available. Finally, as computer hardware speeds

gested models. In this way, the imprecision associated with
even tyes hatoccu ovr abrod spctrm o beay- continue to improve, it will be possible to investigate real.

time training as flood events proceed, and this may well be
iour will be captured directly in the modelling system.

Other possibilities include integrating ARMA models and expected to yield significant extra benefits.

predictions from the conventional hydrodynamic system

(RFFS) currently employed by the EnvironmentAgency into Acknowledgments
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Abstract Yet the range is perhaps less than one might expect. Part

We consider thre, approaches to learning natural resource of the reason lies in the form of the readily available, in-

models involving spatial relationships. based respectvely dustrial quality learning systems (Breiman et al 1984;

on decision tree learning.genetic programming and induc- QuJinlan 1966).These systems are attribute based, rather

Stive logic programming. In each case, the results of spatial than relational - thus they cannot directly learn about spa-

learning on a natural resource problem are compared with tial relationships.Yet spatial relationships are at the core of

the results of non-spatial learning from the same datam and many, probably most, natural resource problems.

improvements in predictivity or simplicity of the models This paper aims to demonstrate the value of spatial learn-

are noted. We argue also that it is highly desirable that ing, by describing a number of experiments using diffierent

_ 9 spatial learning systems for natural resource problems in- methods which have been carried out at University Col-

corporate mechanisms for the user specification of learn- lege.ADFA.

ing biases.
Of course, we are not alone in such work. Of recent years.

1. Introduction spatial regression methods have appeared in statistical pack-

ages (Bowman 1997). However it is well known (Stockwell
1. 1. Machine Learning for Natural et al 1990) that discrete machine learning methods out-

Resource Problems perform regression methods on some datasets. Closer to

With today's increasing emphasis on environmental limits, our approach is the work of (Dibble 1994). which uses an

the need for accurate and timely information on natural evolutionary approach distantly related to the (Whigham

resource issues is pressing. In many cases, the information 1996) work reported here.

required for decisions may be expensive to obtain, yet date

on some of the underlying variables is relatively inexpen- 1.2. Why is Spatial Learning Hard

sive and available in enormous quantity.The problem is to Spatial problems are intrinsically relational rather than at-

convert this plentiful data into useful information; machine tribute based: they are about the relationships between

learning and related data mining techniques provide one attributes of particular locations and regions, rather than

promising means to do so. simply about the local values of those attributes. While
There have been a number of such applications (for exam- particular spatial relationships can often be reduced to

pIe Barhranente et at 1992; Ekund & Salim 1993; Papp, Dowe spatial attributes (see the discussion below), the reduc-
and Cox 1993;Stockwell et al 1 990";E lker & Cocks 1990). tion requires a-priori knowledge, about the significance of

particular spatial relationships for the problem at hand,

. .I I.ielI o i I
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which is often not available of a natural resource problem, and indeed has previously
been intensively studied in a purel attribteJ•-based setting

On the other hand, relaisonal leamning is intrinsically diffi-
(Stocitwe,,l et al 1990)

cult. The concept spaces to be searched are orders of

magnitude largerthan thse en d in 2.1. The Wetness Index Problem

learning. The wetness index problem derives from a pre-existing

Furthermore, there are special difficulties with spatial learn- expert system. LMAS (Whigharn and Davis. 1969). LMAS

ing problems. Most attribute-based learning, and much re- is used to assist with environmental management at

lational learning, makes use of greedy search algorithms, Puckapunyal army base inVictoria,Australa. It predictsfrom

which require each new element of the learned model to meteorological records and spatial databases describing

contribute significantly toward the accuracy of the model, the site, the likely ground disturbance effects of a given

There is no look-ahead: the new element has to make the armoured exercise.

contribution on its own. without the assistance of any other One module of LMAS uses the landform and slope layers

element. But spatial relationships typically do not make of the GIS describing Puckapunyal to predict the propen-

such isolated contributions: they work together with the sity/of particular areas to become waterlogged - the wet-
attributes of the related locations to contribute toward ness index, with 6 possible values: unknown, dry, average.

the reliability of the model. wet, seasonally waterlogged,waterlogged.This modulelike

1.3. The Importance of Bias the rest of LMAS, was derived through the traditional ex-

pert systems process - as an encoding of the pre-existingThe machine learning community has gradually come to

appreciate the importance of bias in learning systems. and knowledge of a geographical expert - and was then vali-

indeed the impossibility of the once-holy grail of unbiased dated by ground-truthing.A map of the wetness index for

learning (Wolpert and Macready 19"5). Puckapunyal is given in Figure I.

The wetness index learning problem is this. The system is
In natural resource problems. it is commonly the case that

experts in the field have considerable knowledge a t given a three-layer dataset consisting of the original

landform and slope layers, together with a new layer con-the likely forms of models, even if they do rot know the

exact model at the time. sisting of the wetness indices as derived by the wetness

module of LMAS.Tlte dataset consists of 3.272 polygons.

Taking all this, together with the inherent computational together with a table of the adjacencies between poly-

difficulties of spatial learning, it seems clear that systems gons.The system is to learn a new set of rules, which are

which provide the user with opportunities to control the to predict the wetness index as accurately as possible from

bias of the search, ane, thus reduce the computational cost the landform and slope layers, together with the adjacency

of the learning process, will be highly desirable for spatial relations.
learning in natural resource problems. This particular prob:em is of interest for three reasons.

2. Sample Problems First, we know that there is a perfectly accurate model of
this problem - the wetness module of L'IAS. Second, we

Our work to date has been particularly based on two natu-
know that the model involves spatial rea~soning, so it is

ral resource learning problems. The first is highly atypical,

and is specifically chosen because we already know likely that spatial learning will be useful for the problem.

answer to the problem, ar d can thus assess sensibly how Finally we know the form of the LMAS model, so that if

different learning systems are behaving in relation to particular learning system fails to learn well, we can inves-

answer.The second was chosen as a fy ical e tigate why it does not discover the LMAS solution. On the

other hand, the problem is artificial, in that the model we

I fl II i F iZ LK I 1,., I
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are attempting to learn is that which best fits the original man experiments as possible, but without incorporatng

expert's model of the situation. rather thn some underly- any spatial information. These experiments led into the

ing "real World" description main work. in which spatial relationshis built from the

underlying attributes, were encoded as additional attribue
2.2. The Greater Glider Problem and added to the dataset.

The greater glider dataset is described in detail in (Stoclwell

et al 1990); briefly, it consists of a 20"20 grid of cells. For Taking as an example the underlying attribute"site qual-

ity". describing the forestry potential of a location, the re-each cell, the values of seven independent variables are

recorded: the degree of development (D0- 3 categories); latonships encoded as attributes for the various experi-

menits were:
whether a stream corridr-- (ST - 2 categories); stand con-

dition from a forestry perspective (SC - 6 categories); site experiment 3: distance to nearest location with a particu-

quality from a forestry perspective (SQ - 4 categories); lar value of site quality

floristic nutrients (FN - 4 categories); slope (S - 3 catego- experiment 5: whether some adjacent location has a par-

ries);and erosion (E - 3 categories) (NB in the study area, tular site quality

all sites were highly eroded, E=3, so the erosion attribute

may be effectively ignored). For each cell, we also have a experiment 4: whether there was an adjacency chain of a

value for the putative dependent variable, the greater glider given length (i.e. A adjacent to B adjacent to C ) to a

density (GD - 4 categories, ranging from 0-absent to 3- location having a particular site quality

abundant).A map is given in Figure 2. Finally, each of the above experiments was split into two

.3. Simulating Spatial Learning with experiments, according to whether values of the learning

attribute - the glider density (at sites other than the par-
Attribute-Based Systems ticular location in question) - were incorporated amongst

The first series of experiments described here were per. the spatial relationships encoded (e.g. in experiment 3a.

formed with the aim of demonstrating that the capacity to "distance to the nearest site having a glider density of 3"

learn spatial relations could improve the predictivity of was not encoded as an attribute in the dataset; in experi-

machine learning systems applied to natural resource data. ment 3b. it was so encoded).

The data used was the greater glider dataset described

above. 3.2. Results

Size and accuracy of decision trees induced from the greater
3. 1. Experiments glider dataset.

The experiments were conducted using the Rulefinder

decision tree induction system (Pearson 1996). Full details Results in the two baseline experiments were very com-

of the experiments and results are given in (Pearson and parable with Stockwell et al( 990). with error rates of

47.5% and 47.75% respectively, and trees of very similarMcKay 1996). Briefly, a first expneriment was conducted to

provide a baseline for comparison by setting up the condi- structure. Experiments 3 ro 5 gave dramatically improved

tions as similarly as possi-

ble to the experiments of Etj., nient I 2 3a 3b 4a 4b 5a Sb

Stockwell et al (1996); a T'ree Size 2l., 5 27 23 68 13 39 Is
second baseline experi-

ment varied the underly- Er. ot Rate (%) 47.5 47.75 29.5 29.0 28.75 31.75 34.5 31.75

ing learning conohtions to Std Dev (%) NA 6.74 5.68 3.71 4 64 7.86 6.78 6.46

be similar to those of our
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error rates, ranging from 28.75% to 34.51L trainn and ts sees and dnus overkfieW cannot be ruled

The tenfold cross-validatuon method, which Ruefnder uses 
4

to estimate error rates, also permits the estimaton of Howeve consideration of the meanings of the decision

standard deviation of the error rates. It is thus posble to wtes gives some degree of protecton against overiwrf.

say that the results in experiments 3 througlih 5 are siWI- on the assumption that the search space of decision trees

candy different from the results m experiments I and 2 is sparsely populated with sensible explanatory trees, it is

(and thus from the Stockwell et al (199) results) at the hohly likely that any overfiting will be accompanied by

1% confidence level: but they are not signiflcanty diflerent meaningless expressions at the tips of the decision trees.

from each other. Analysis of experiments 3 to S sugests that the largest

One other point to note: the trees learnt here may be decision t generated - a a8-ode tre in exi t

approaching the limit of what can be learnt from this dam 4a, and possibly a 39-node tree in experiment Sa - may be
somewht overfited. but that the other treees. which are

due to inherent noise and/or missing variables.As shown

in Stockwell et al. simply looking at cases in which pairs of roughly comparable in size with those of Stockwell et al

cells with the same values for all the indlependent attr*ites (1996), are unlikely to be overfitted.A detailed discussion

nevertheless haw differing values of the learning attribute. may be found in Pearson & McKay (1996). The smallest

gives an error rate of 24.2%, with a standard deviation of tree. that from experiment 4b, is shown in Figure 3.

1.2%.While one should be careful in extrapolating this to Thus our final conclusion is that the incorporation of spa-

spatial learning - since spatial learning in effect provides tial information into a learning process can lead to signifi-

additional independent attributes by which cells may be cant improvements in the predictivity of the models gen-

distinguished - the similarity of these error rates may not erated. However, the process used is relatively clumsy. It

be entirely coincidental. requires the experimenter to know ahead of time which 4
spatial attribut-s are important, so that they can be incor-

3.3. Discussion porated into attributes for use in the learning process.

There is hlways the possibility that the decision trees in Further, it requires the experimenter to write special-pur-

experiments 3 to 5 are overfitted to the data.The pruning pose programs to translate the selected spatial relation-

process in decision tree learning normally provides some ships into tabular attribute form.

protection against this. However the incorporation of spa- We would naturally prefer that the learning system be able
tially derived attributes in the dataset implies that it is not to discover the important spatial relationships for itself.

possible any longer to guarantee the independence of the

SC = 0

any-O1_GD1

NOT any-0l GD2

any-..3__5_SC2 I~ J NOT any.01 GD3

GD=1 G 2 fGD=iI all_01-D2

~f1 GD =3
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while p the user to narrow the focus of the learn- used To evaluate the success of the system will tus incor-

ing to particular classes of spatial -or other- relattionships porate some nalty for this willingness to try t .eona-

if such knowledge is available. Thus a prime focus of our tives.

work has been on learning systems which can work di- Fortunately CFG-GP incorporates a mechanism for mves-

rectly with spatial relationships, but permit the user to opigthis eflc.The user may explicitly incorporate the

vary the bias of the learning space search, hard constraint into the search language used by the sys-

4. Genetic Programming and Geospatial tern, so that the option of revising the constraint is no

Relations longer available.

The work on context free grammars for genetic program- 4.1. Experiments

ming (CFG-GP) discussed here is reported in detail in the CFG-GP was first applied to the greater glider dataset in

doctoral thesis of PAWhigham (19%). It builds upon the non-spatial mode. A number of experiments were con-

genetic programming paradigm of Koza (1992). However. ducted, starting off with a simple attribute language de-

in dte genetic programming paradigm, the description lan- scribing the dataset. then extending this with two hard

guage is a by-product of the GP system and is not amena- constraints: the "outside search area" constraint described

ble to user variation except through re-building the un- above, and a second explicitly requiring the system to learn

derlying system. descriptions for each of the four glider density classes (oth-

In line with our conviction that useful geospatial learning erwise the system may simply ignore density classes which

systems will require simple mechanisms by which the user are sparsely represented in the data).

may specify the search space the learning system is to use. The language was then extended with additional spatial

CFG-GP provides a context-free grammar in which the expressions. For each possible value V of each of the un- 4
user defines a grammar for the language the learning sys- derlying attributes A, and for each distance D, the system

tern is to use for the specific problem (this work follows is permitted to derive the boolean expression determin-

on from the Grendel system (Cohen 1994). which used ing whether there is a cell within distance D of the cur-

context free grammars similarly, but within the inductive rent cell, in which the attribute A has the value V.

logic programming paradigm).
For computational reasons (genetic programming is

The greater glider dataset contains a number of hard con- computationally very expensive), the values of D were lim-

straints. For example, a small proportion of the cells are ited to be either I or 2, though the decision tree work

rated as "outside the study area". These cells have their above suggests that distance values up to 5 may be mean-

glider density set arbitrarily to zero.This causes little prob- ingful in this dataset.

lem to deterministic learning systems such as decision tree

systems: these rapidly learn that "outside the study area" 4.2. Results

implies "glider density zero", and are thus free to ignore In the simplest attribute learning example above, the sys-

those cells from that point on (indeed,this is the top-level tem achieved an error rate of 47.5 ± 3.4% (based on 6

decision in virtually all the decision trees we have gener- trials). Incorporating the hard constraints mentioned above

ated from this data). improved the learning somewhat, to an error rate of 42.9

A stochastic learning paradigm has problems with such ± 3.2% (6 trials). Finally, addition of spatial expressions gave

hard constraints, since the system will always be prepared, error rates of 32.8 ± 1.7% (6 trials). The best ruleset was:

even though with low probability, to re-visit these con-

straints and to try alternatives. Whatever mechanism is
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if ((stand-conifition =rock) does not handle noise well, so we have not ganed any

or ((sk*e > fiat within distance 2) useful results in learning from the greater glider dacaset.

and (stand condition = regeneration within distance 4) However experments with the wetness index dataset have

and (floristic-nutrients > medium within distance 5))) yielded some interesting results

then gliderdensity low

else if ((slope > flat within distance 2) 5.1. Experiments

or (stand-condition = regeneration within distance 4)) In the first experiment. progol was run on the wetness

thn glider-density medium index as described above.The second experiment was iden-

else glidar-density = high tical, except that the table of adjacencies was deleted from

the dataset, so that progol could only learn attribute de-

4.3. Discussion scriptions of the dataset.

In non-spatial learning, CFG-GP achieved similar results to

Stockwell et al (1990). and to the Rulefinder results re- 5.2. Results

ported above (the incorporation of hard constraints in- Progol learns a complete description of the dataset on

proved the learning, but the improvements are only mar- which it is run. If necessary. it will generate rules for the

ginally significant). Significant improvements were obtained dataset cell by cell, in order to do so. Unlike Rulefinder

by the incorporation of spatial information into the learn- and CFG-GP. it does not provide for a separation of learn-

ing, the improvements are very comparable with those ing and test datasets.Thus results from Progol do not give

achieved by Rulefinder, providing further confirmation that meaningful error estimates.The only meaningful compari-

the improvements in error rate are real, and not just the son we can make is between the sizes of the rulesets learnt

result of overfitting the data. in each run. Note also, that these rules have been learned

from positive data only: since progol was unable to deduce *
5. Inductive Logic Programming and that"dry" and"average" are incompatableit was prepared

Geospatial Relations to learn identical rules for both. Further work, to amelio-

We have previously (McKay 1994) reported negative re- rate this problem, is in progress.

suits in the application of ILP systems to geospatial learn- The first run, incorporating adjacencies, described the

ing problems. Our analysis there pointed out that the lack dataset with 6 rules, using 20 conditions (note that the p
of results were not due to inherent limitations of the ILP land unit types are ordered):

paradigm. but were particularly related to specific assump-

"tions made in the greedy algorithms used. wi(A.wet) if land-unit(AB) and

B > floodplain-seasonally-inundated

Specifically, the systems assumed that useful relationships wi(Adry) if land-unit(AB) and

either directly reduce dataset noise (without the assist- B < dam and B > floodplain-seasonally-inundated

ance of subsidiary attributes), or are determinate. Unfor- wi(A~average) if land-unit(AB) and

tunately, spatial relationships such as distance, relative ori- B < dam and B > fioodplain~seasonally_inundated

entation etc. do not have either of these properties. so wi(Awet) if A adjacent-to B end

that spatial relationships would never be tested by these slope(BC and C > -3

algorithms. wi(Aseasonally-waterloged) If slope(A.B) and

Since that time, we have carried out further experiments A adjacentto C and bndunit(C,D) and p
with the more recent Progol system (Muggleton 1995), D < sanddunes and D > floodplain-seasonally.inundated

which does not make determinacy assumptions. Progol wi(Awaterlogged) ifA adjacent-to B and B adjacent to C and

learns logical rules, in the form of prolog programs. Progol slope(C,D) and D > -2.
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The second run. omitting adfacencms, required 10 rules days on a SUN SPARC 1000. ILP is also computationally

and 40 conditions. expensive, but more on a scale of cpu-hours than cpu-

The original expert ruleset. when expressed in the above days

language, has 13 rules and 42 literals. All existing relational learning systems are computationally

expensive; this is unlikely to change. as relational learning

5.3. Analysis is an inherently difficult task But experts working with

The most important result is chat experiment h using spa- geospatial datasets typically have considerable knowledge

dal learning, learnt a very much simpler model of the dataset about constraints on the likely structure of models of those

than experiment 2. using purely attribute learning.The big datasets - often arising from knowledge about the physical

difference lies in only one of the wetness index values: in and other processes involved. Thus it is highly desirable

experiment I."wet" cells are described in one spatial and that learning systems for use in geospatial problems per-

one non-spatial rule, using 8 literals. In experiment 2, 5 mit the user to incorporate this knowledge in the search

non-spatial rules are required, using 25 literals. strategy of the learning system involved.The Grendel and

Secondly, it is interesting that progol has learnt a model CFG-GP systems mentioned above (along with many other

which is simpler, in this language. than the original expert learning systems) give indications of how this may be

ruleset. The comparison is not entirely fair, however: the achieved.A useful by-product of the use of such biases is

expert ruleset was originally expressed in a completely the possibility of assembling a body of knowledge about

different language, and its present size is partly a result of useful biases for geospatial learning. and thus of the overall

the translation process. Moreover, the expert ruleset did structure of spatial knowledge.

know about such issues as mutual exclusiveness of wet-

ness values. Nevertheless, it is fair to say that the spatial 7. References
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Abstract know that GIS are useful - the time has come to develop

Recent discussion of archaeological GIS method and theory an appropriate theoretical basis for the use of the tech-

has centred around a debate concerning the use of the nology within archaeology. This is an area that has not

technology. This paper argues that key problems in this been addressed and there is an ongoing concern about

debate can be overcome by looking at how data are de- "the general lack of an underlying theoretical basis for

fined and structured with regards to the overall project It understanding spatial and temporal data within the con-

specifically deals with two points. First, that am appropri- text of a given discipline" (Burrough and Frank 1995 :102).

ate theoretical framework needs to be developed and that This suggestion that GIS are isc•pine-independent has in-

this should occur at the level of the data. Second. recent portant implications for archaeology. No longer should

debate has overlooked the importance of database design we wait for developments in associated disciplines, it has

and data structure at the conceptual level. Conceptual become critical that we develop an appropriate theoreti-

data models provide a link between reality as it is per- cal framework from which to utilise GIS. Discussions re-

ceived by humans and the way in which reality will be rep- garding this point have been intimated in the archaeologi-

resented in the database. A spatially extended entity rela- cal literature, but they lean towards more general discus-

tionship (SEER) conceptual data model is developed for sions concerning the future directions of the technology

an archaeological GIS which will make explicit zny rela- (e.g. see Limp 1996). In many cases, there appears to be a

tionships (both spatial and non-spatial). A hermeneutic kind of'technological determinism' involved with the tech-

methodology is outlined that will ensure that the concep- nology itself directing the nature of the research rather

tual model developed will accurately reflect the dynamic than the research being the primary focus and the tech-

nature of the data. The data itself comes from a case study nology a :e tool.

on the distribution of archaeological sites in Northeast

Thailand. This paper argues that theoretical developh. ts should

occur at the level of the data. not at the level of the tech-

1. Introduction nology. Technological advancements can only lead us so

Although geographical information systems (GIS) can no far; although there are many areas which need redressing.

longer be regarded as a new technology, within much of it is stressed here that for the development of appropriate

the archaeological literature attempts are still being made method and theory we must turn to the fundamental level

to'show the usefulness of GIS in archaeology'. These stud- of a GIS - the database. The database is essentially the

ies repeat things that have been said many times in the foundation from which the system is built and without this

past. It can now be stated with some confidence that we there would be no GIS. Data modelling and database struc-
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ture are issues that have not been addressed in the ar- and that patterns seen in the archaeological record can be

chaeological literature which is worr-ying as it is here that misleading (Hodder 1982). They are interested in what

data and their various relationships are defined. The fol- they call the 'social landscape' and include attempts at

lowing sections discuss the current use of GIS in archaeol- 'rehumanising' GIS.

ogy; from this. several problems and limitations are identi-

fied in the use of GIS and it is arguet that these problems 2.1 The environmental modelling

can be traced back to the fact that there is no consistent approach

theoretical framework from which to utilise GIS. A The use of GIS in the first instance developed from ar-

hermeneutic methodology is oudined that will ensure ex- chaeologists interested in examining the relationship be-

plicit data definition for the maintenance of data structure tween archaeological sites and various environmental con-

and data integrity. This methodology is discussed with an ditions. These associations were statistically defined and

archaeological example from Northeast Thailand. this facilitates the development of models from which to

predict site location within a given area. For such pur-

2. GIS in archaeology poses GIS is an excellent tool, but it must be acknowl-

This section shows the nieed for the development of a edged that there is no explanatory power in this method

consistent theoretical base for the utilisation of GIS within (Voorrips 1996). In fact, the usc of GIS in this manner can

archaeology. It discusses the previous uses of the technol- lead to the exposition of an outdated environmentally

ogy and outlines the need for a substantive geographical deterministic argument. For example. Brandt et al. (1992)

information tl-eo,-'. develop a model for the prediction of site location in the

Netherlands. Due to harsh vegetation and alluvium de-
Harris and Lock (1990, 1995) and Kvamme (1989, 1995) posits surface surveys arc difficult to undertake; therefore,
have discussed the history of G•S in Europe and North the development of a predictive model would facilitate site
America respectively and they note a fundamental differ- recoveryThey note that environmental data are being used

ence in the use of GIS between the two. This is most as they are "'easy to obtain for a region" (Brands eta/f.

evident when applications are compared between these 1992:269) and since social variables must be reconstructed

two areas (for Europe see Lock and Stancic 1995 and Bietti for each period, which is "a task often beyond our data

et al. 1996; for North America see Allen et al. 1990 and retrieval possibilities" (Brandt et al. I1992:269),they do not
Aldenderfer and Maschner 1996). First, and generally within incorporate such data into the analysis. They further re-
a North American context. emphasis is placed on a funt- strict their study by limiting themselves to "simple asso-
tionalist. or processual. approach to explanation. It is ar- ciations between sites and modern map categories" (Brand&
gued that human behaviour is noi-random and that gen- et al. 1992:272). Such restrittions mean that they cannot
eral patterns can be seen in the archaeological record.

say anycthing useful about prehistoric behaviour, and al'

These patterns are created by people interacting with the though behaviour could be inferred from such relation-

natural environment and can be identified in a statistically ships, their lack of interest in social variables rules out

meaningful way. This allows for mathematical formulations inferences of this type. !r. a more explanatory approach.

to be developed that allow for the prediction of sites and Hunt (1992) undertook the analysis of site catchments in

simulation modelling. This approach treats space in a Car- the Late Woodland Perioti (A.D. 1000-i 600) in Western

tesian manner largely devoid of social meaning. Second. New York State. The catchment area is "the zone of re-

other writers, predominantly from Europe argue that space sources, both wild and domestic, that occur within rea-
is socially F educed and its manifestation on the landscape sonable walking distance of a given village" (Flannery

depends on its particular context and cannot be general- 1976:91 ). The GIS was used to determine soil productiv-

ised. They argue that human behaviour is unpredictable ity in each of the site catchments and it was concluded
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that villages were established in areas suitable for the pro- perception into a GIS analysis. For example viewshed analy-

duction of maize. Again this study is concerned solely with sis has been applied for the determinauon of visibility be-

environmental and not cultural data- Although it is not tween monuments over a landscape. Wheatley (1995)

necessarily an environmentally deterministic approach, the provides an analysis of the intervisibility of long barrows

relationships that are developed are obvious and one does in two separate areas of Neolithic Britain and shows that

not need a GIS for their confirmation, between these areas there is a difference in visibility. From

this a post-processual interpretation is offered concern-

2.2 The 'social landscape' approach ing the control of the monuments enabling the legitimacy

Strong criticisms of the situation of GIS within such an and perpetuation of ones own status and authority through

explanatory framework came from various researchers the historic importance of the extant monuments. This

whose theoretical orientations are sympathetic to the sec- analysis has several limitations. First, it uses limited data

ond group. Wheadey (1993:133) stresses the need to move sets; for example. only topography and the location of the

away from such functional interpretations as they are "an monuments are used. No consideration is given to any

extremely restrictive approach to archaeological explana- other variables, be they other sites or even other basic

tion.'" Furthermore, Gaffney et ol. (1995:211) note that: environmental variables. Second, the actual study uses the

"there are good reasons to suggest that the applica- ground surface as the basis for inferring line of sight: this

tion of GIS techniques in such a way could ultimately does not necessarily suggest intervisibility as it was noted

prove to be restrictive to the general development of that the prehistoric vegetation was considerably greater

archaeological thought. In its least harmful form, the than at present Finally, such studies "critically confuse the

indiscriminant use of GIS solely in conjunction with concept of 'vision' with that of 'perception"' (Gillings

mapped physical data may result in the slick, but 1996:79). Just because two monuments are intervisible,

* repetitious, confirmation of otherwise obvious rela- or visible from various parts of the landscape. does not

tionships. In the worst case, it might involve the un- necessarily imply a relationship of importance to the pre-

witting exposition of an environmentally or function- historic individual. Here they distinguish between perrep-

ally determinist analytical viewpoint of a type which lion as sensation and perception as cognition (Rodaway

has largely been rejected by the archaeological corn- 1994). There is a continual dialogical relationship between

munity." simple acts of vision (sensation) and mental process (cog-

What these and other authors suggest is the need for the nition) which enable the individual to create a geographi-

incorporation into a GIS of theory laden data representa- cal understanding - a sense of the world. In the archaeo-

tive of a culture. This type of argument is firmly linked to logical studies using GIS in the realms of'perception', they

the 'post-processual' tradition of thought stemming from have situated the analysis firmly with regard to perception

England where there has been an increasing interest in the as vision, and have disregarded cognitive aspects which

social production of space and its physical and temporal underlie phenomenological approaches to the environment

manifestation across a landscape (Bender 1993;Thomas (Tilley 1994).

1993; Tilley 1994). This theoretical awareness has been What these studies show is a supposed change in focus

alluded to in many GIS studies and this has been a neces- from environmental to cultural concerns. Whereas the

sary development to move away from the limited explana- former studies are explicit in the use of the environment

tion under a processual approach. as a major factor in their analyses, the latter try to downplay

The main approach so far used for 'rehumanising' GIS has the importance of such variables. Although they appear to

been viewshed analysis (Wheatley 1995). It is argued that incorporate cultural variables, in actual fact they provide

this method provides a means for incorporating human nothing more than studies based solely on environmental
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data - and in this regard. in many instances, there is a re- levels. It formalises human concepts of space and is nec-

duction of data. The cultural variables stated as part of the essary because computer systems work through sets of

analyses are never explicitly defined and regard is only given formal rules. Furthermore, conceptual models are an ab-

to them in interpretation. straction of the real world and incorporate only relevant

data (Maguire and Dangermond 1991). The other two

2.3 lbwards a substantive archaeological levels (logical and physical) are to do with implementation

geographic information theory issues and storage requirements respectively. For the

The need for the development of a theoretical basis for present purposes. the conceptual model can stand on its

GIS in archaeology has come after similar discussions of own without regard for implementation since.at this stage,

this type in geography and information science. There have we are concerned with explicit data definition rather than

been arguments for the development of a geographic in- the implementation of a database. This will be achieved

formation theory dealing with the representation of knowl- through the use of hermeneutics (see below); although

edge (Molenaar 1
9

89),a geographical information science' hermeneutics has been previously used in GIS design

which sees the need to develop generic questions to cre- (Gould 1994), the concern was with the interaction be-

ate a'core discipline' (Goodchild 1992) and a more holis- tween the designer and the user. In the case here,

tic 'discipline-independent' theoretically informed post- hermeneutics is concerned with the interaction and inter-

modern 'theory of spatial relationships' which is both math- pretation of data.

ematically elegant and in tune with concepts developed in

the minds of humans (Burrough and Frank 1995; Mark and The development of appropriate conceptual schemas help

Frank 1996). Although these are opposing ideas for the to, first, incorporate non-environmental data in order to

development of a GIS epistemology, they all make the same augment the more common environmental variables within

general point concerning the lack of an underlying theo- a data model and second, to extend the data model to

retical framework - be this as a discipline in itself or as incorporate abstract semantic mechanisms for the defini-

something that must be created for eac&- discipline in its tion of spatial and topological relationships. In the past.

own right. Although each subject area utilising GIS has the conceptual design of standard relational databases have

some inherent spatial component. there are fundamental not accommodated semantics that explicitly define such

differences regarding the nature of space; because of this relationships. Recently, several models have been devel-
"problems that are specific to the application of GIS in a oped to extend the capabilities of the conceptual schemas

particular field clearly need to be addressed in the con- in this direction (Fernindez and Rusinkiewicz 1993; Firns

text of that field, and with the benefit of its expertise" 1994). Archaeologists have not used traditional entity-re-

(Goodchild 1992:41). lationship (ER) data modelling techniques for the estab-
lishment of GSIS databases and it seems appropriate, in the

The area of concern in this paper from an archaeological

viewpoint is the modelling of data at the conceptual leve light of the preceding discussion that such techniques be

(Batini et al. 1992). There are generally considered to be employed for due consideration of the data.

three levels of abstraction relevant to geographical The critique above concerning the uses of GIS highlight

databases (conceptual model E logical model E physical several basic problems. Concerns regarding the function-

model). Conceptual data modelling is the first of these alist use of GIS led to the expounding of approaches within
the realm of a humanist archaeology. This rehumanising

I This has been seen in the name change of the Interna-
has merely shifed the environmental emphasis to a more

tional Journal of Geographical Information Systems to the
subtle position which has narrowed the scope of GIS

International journal of Geographical Information Science

(Fisher 1 "7). through the use of limited data sets. The following section
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outlines a methodological approach and example for the and Ricoeur (1981) it is believed to be a useful concept

development of conceptual database schemas essential for and is used here. Prejudice in the case of data structure

the incorporation of explicit in ,r, Ation concerning the for an archaeological GIS is likewise determined by our

nature of the data. 'effective history', in this case 'effective knowledge' De-

termining the data to be incorporated within the GIS da-

3. Using hermeneutics to design an tabase necessarily involves questioning the assumptions of

archaeological database the analysis and the assumptions the researcher has con-

3.1 Hermeneutics cerning the study.

Hermeneutics grew out of attempts to develop a theory Figure I outlines the hermeneutic procedure for this study;

of interpretation. Initially it set out to equate social sci- it identifies prejudice, problem definition and data defini-

ences with natural sciences thereby seeing both as follow- tion as being major components. However, these three

ing an objective approach to understanding. Gadamer components are not mutually exclusive, rather, there is a

(1975(1960]) reacted against the use of hermeneutics in continuing dynamism between them. Although it appears

this manner; rather, he developed the notion of'prejudice' an iterative approach, the dynamics involved preclude the

from Heideggers"pre-understanding'. He argues that preju- definition of a step by step procedure. Interpretation pro-

dice and understanding are thoroughly conditioned by the ceeds differently for each individual as it is part of their

past, a past he calls 'effective history' (Gadamer 'effective knowledge'. Past experience determines the

1975[1960]:267). Furthermore, the "really central ques- prejudiced notions an individual has; from an individuals'

tion of hermeneutics" is that of separating"the true preju- knowledge base, the identification of problems occurring

dices, by which we understandfrom the false ones by which in our understanding of a discipline takes place,and in turn

we misunderstand" (Gadamer 1975[19601:266). Although data are defined in order to consider these problems. Such

this notion has been critiqued by Habermas (Warnke 1987) data comes from a variety of sources, and its definition

PREJUDICE k-oWpb-

Real World

Figure I: Hermeneutic method for conceptual data
modelling for an archaeological GIS
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necessitates change in our knowledge base as there is an ploatation of salt. iron and timber resources which became

extension of knowledge and the potential for new prob- important trade items. Welch (1905) was interested in

lems and different ideas to be developed as a result of data documenting the role of centralisation, urbanisation and

definition. In turn, this information is augmented by input agricultural intensification with regard to these sites and

from the 'real world' which is accumulated knowledge not their roles in long distance exchange. Moore (I 988a) was

specific to the problem but which more or less alters an interested in the moated sites as a technological group

individuals' perspective; in a sense, random knowledge. and attempted to document their overall structure and

Data come in two forms, spatial (e.g. the distribution of distribution. She studied them in isolation from an overall

settlements) and non-spatial (data based on ethnographi- settlement pattern that included the larger moated sites.

cal, anthropological and archaeological sources). These are as well as smaller unmoated sites and rectangular water

accumulated and evaluated within the terms of the re- storage reservoirs (barays).

search and are embedded within an overall temporal frame- These models overlook a large body of data regarding

work. At no time do these data have any fixed meaning; human societies. Specific community level behaviour can-

this is because "Data do not just 'exist', they have to be not be enlightened by such regional analyses. A major as-
crested, and who does the creating, for whom, and for sumption in this analysis is that there is some kind of corn-
what purposes, is vital" (Taylor and Overton 1991 :1088). munity structure based on the individual site (Trigger 1978).

How then does this translate into a method for generat- It is not that this structure has so far proven to be elusive

ing suitable schema for design of a database? In the pre- to researchers in this area, it is just that it has not been an

ceding discussion we have noted the fact that explicit in- area in which major research has been undertaken. In

corporation of data into an archaeological database does order to locate these communities, relationships need to

not currently occur at a satisfactory level. The hermeneutic be identified between various factors considered useful

method outlined here necessitates the elaboration of nec- for their identification. If the community concept can be

essary data and does so in an explicit manner. identified, a fundamental aspect is the change in such or-

ganisation from prehistoric times into the historic Khmer

"3.2 The archaeological problem period;a temporal shift of approximately 2500 years. This

There have been numerous settlement pattern studies period saw fundamental changes in religion, symbolism,

undertaken in Thailand and they are generally concerned ideology, technology and social organisation which reached

with site distribution on a regional level, specifically, the its peak during the time of the Angkorian mandalo (8-14th

relationship between the distribution of sites and the en- centuries A.D.). Although these developments are mani-

vironment (Higham et al 1982; Ho 1992; Moore 1988a; fested in monumental structures such as the Khmer tem-

Mudah I 995;Welch and McNeill 1991 "Wilen 1987). Previ- pies of Cambodia and Northeastern Thailand, changes in

ous studies of settlement patterns of a particular type of basic community structuring are still largely unknown. We

site in this area. the moated site, has seen the explication will undoubtedly have to wait until a larger proportion of

of models concerning their development and distribution sites has been excavated, but we can begin by examining

(Moore 1988a; Welch 1965). The basic model is: settle- spatial relationships of community structure. The archaeo-

ments were first established on the alluvial plain of the logical problem is, therefore, co identify these communi-

Upper MunValley during theTamyae phase (I 000-600B.C.). ties both spatially and temporally; this is a problem that

Intensive forms of agriculture were adopted during the GIS can help solve.

Prasat phase (600-200B.C.) which made possible the ex-

pansion of settlement from the alluvial plain to the terrace 3.3 The GIS solution

and upland zones. Expansion to these areas saw the ex- The archaeological problem identified above is just one

f LK. 1 i1 ....I
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part of the hermeeutic procedure (problem definition), between sites and rivers is very important and although

The data contained in the spatially extended entity reia- river channels can be dated (Bishop et a). 19914), thre is no

tionship (SEER) (see Firnis 1994) diagram in Figure 2 is the information from this part of Thailand. Instead, we must

other part (data definition). The critique above questioned work by association and relative chronology. The exist-

the level to which data are defined; the following discus- ence of the moated sites and boroys help in this situation.

sion concerns the SEER model and what it means in terms The function of the moats surrounding these sites are not

of this study. The data can be placed into several catego- yet known, but most writers agree on them being used for

ries, or locational reference points: soil, hydrology, prehis- some kind of water reticulation necessitated by the ex-

toric vegetation, sites and temporal period. It will be seen tremely arid conditions. It is assumed that the moated

that the first four of the categories are contingent upon sites had a water source, and as can be seen on aerial

temporal period. Each locational reference point is re- photographs. rivers provide this source. Site abandonment

lated back to a location which has a specific x, y coordi- is often linked to the movement of this water source, so

nate value (see figure 2). At this stage we are not con- as the river moves, so does the site, and the latter can be

cerned with implementation of a database, so such ab- dated. Furthermore. the bamys. which are large rectangu-

straction is useful. These locational references are dis- lar storage structures constructed by the Khmer between

cussed below, the 7-14th century AD for domestic, agricultural and reli-

gious purposes, were supplied by river and stream diver-

3.3.1 Hydrology sion (Moore 1988b). So it can be seen that the rivers did

This category holds information concerning rivers, reser- not just exist as a natural phenomenon, they played a large

voirs (barays) and moats. Since prehistoric times, rivers part in society. In fact it can be seen that "in no small

have moved across the landscape, either naturally as they sense, South East Asia is a region where water - not land -

become flooded or due to human diversion (Welch is the defining element and where human-water relation-

1985:292-3). From this, determining the contemporaneity ships, not human-land relationships are determining" (Rigg

loation

hyrSit" sse soil d eltt-o t=on
tiOngl location4aellctionil locational

oefe sxe sefrieece eivarice refffmce

11 El

, .. .. ... ,t yt , .

1i raw

~~ keyr

~~~o-n 10ep~~d t~ ~ data-type = po1~on

P.a.d j data-type = point

I..-data-type = ine.

Figure 2. SEER diagramr of the
archaeological database
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I 992b: 1; also. see papers in RU I 992a). An important data on the se; including mound height, size of the mound

example for this is the bun bang fa, the skyrocket festival and the site type (e.g. moated, unmoated, rectangular. ter-

of NortheastThailand where a rocket representing a giant rntorial and salt making [Moore 1988a]). Each of these

plhallus is erected and shot into the sky to fertilise the types had different functions and can be dated to different

heavens and to supply rain serving "to remind the male periods. Thereforeit is important to define explicitly each

rain god to pour out his semen onto mother earth" type chronologically and once this is done. relationships

(Demaine 1978:52). between the various types can be discerned. Of these

types, the salt-making sites are the most ambiguous. AJ-

3.3.2 Prehistoric Vegetation though there are hundreds of mounds scattered through-

This section of the database holds information concerning out Northeast Thailand very few have been excavated

the prehistoric vegetation of the area. Stott (I 978b:7) (Higham 1977; Nitta 1992). These were important manu-

quotes the 17th century French naturalist and explorer. facturing sites as salt became a powerful trade item and

Nicolas Gervaise, who said that the forests are "so great was used for the preservation of food for consumption

that they take up more than half of the land...so thick that during the dry season (Nitta 1992). Salt-making was a dry

it is almost impossible to pass through." The vegetation season activity (Higham I 996a.31 5) and undoubtedly played

cover of today in no way reflects that of prehistory or a large part in community life. Thus these salt-making sites

indeed of the tame of Gervaise. In 1942.42% of Northeast are essential components in the identification of the com-

Thailand was covered in forest, there is now less than 10% munity.

(Moore 1992). However. we can recreate the past envi-
As many sites were continuously occupied over long peri-ronment with a good degree of accuracy (van Liere I1980).
ods and fit into different settlement systems throughout

Deforestation occurred in prehistory although not at a
the term of their occupation, there needs to be strict tem-

level which seriously altered the nature of the vegetation.

poral control over their distribution at certain times inDue to the methods of rice cultivation where areas were

cleared to increase productivity, soil generally deterioratef prehistory. This entity is linked to temporal period for this

and became incapable of supporting any form of plant life purpose.

other than coarse grass and scrub (Ng 1978). Indeed, over 3.3.5 Tbmporal Period
time as more land was cleared such problems undoubt- This aspect of the database is the most important as it is

edly increased, here where non-environmental variables are defined. Vari-

3.3.3 Soil ables such as language (Higham 1996a. 1996b), religion
(Tambiah 1970). burial practices (Highanm ef a/. 1992), trade

Basic characteristics regarding soil types are held in this

section of the database. Most importantly is the definition (Glover et ol. 19"2). along with information regarding bronze

of soil suitable for rice cultivation. However, Bayard (1 992) (Pigott et al. 1992). iron (Pornchai 1992) and pottery (Bayard
1977) technologies allow communities to be located at a

has noted several limitations in using soil type as a factor

in determining site location and the suitability for rice cul- given temporal period. Possibly the most useful indicator

of temporal period is pottery which is an artefact typetivation. Undoubtedly soil type was important, but it has
that has huge diversity in form. uses and style. These as-been exaggerated as a factor in prehistory.
pects along with rim-form, surface finish, surface-texture,

3.3.4 Site colour, and temper help to differentiate between pottery

Data regarding the site are important as it is assumed that types of different periods, but it is the general attributes of

this is where community structure is to be located. This particular styles that are important rather than specific

part of the database holds information concerning basic aspects. Therefore, incorporation of such variables could

be considered useful for a regional/nationwide database,

86 I. .1 ". 12 .lil j'! on "S I Il' II
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but for the present study they are not deemed necessary-, and Francis.

strict associations between pottery types and temporal Baini. C.. S. Ce and S. Navahe. 12. Conceptual Daa

period will suffce. Modeing:An Approach CaonThe

The most important relationship is between this entity enjamin/Cummings Publishing Company.

and the site entity. The site entity holds only that informa- Bayard. D.T, 1977. PhuWiwg pottery and the prehistory

tion for the physical nature of the site whereas the tern- of Northeast Thailand. Modem Quatenary Research

poral period entity holds data that defines the activities at SoutheastAsi. 3:57-102.

a site at a particular time. It is these activities that allow

temporal relationships between the various entity sets to Bayard. D.T. 1992. Models, scenarios, variables and suppo-

be defined. Furthermore, it is important to note that al- sitions: approaches to the rise of social complexity in

though the locational references discussed are environ- Mainland Southeast Asia, 700 BC -AD S00. In Glover.

mental, they are embedded within a social context making I. C.. P Suchitta and J.Villiers (eds.). pp 13-38.

it extremely difficult to make general conclusions regard- Bender. B (ed. 1993 Landscape Po/tics and Perspectie.

ing human activity - this social context is explicable at the Oxford: Berg.

level of the community.
Bietti.A., 1.Johnson and .Voorrips (eds.). 1996. XIII Inter-

To date, the problem has been defined and the process of national Congress of Prehistonc and Protolistonc Sciences.

data definition is currently underway. Thus I am still in- 8114 September 1996. Coloquen II:The Present State of

volved in the hermeneutic process; the so-called IS o andAnalogous Systems i PrehetoricAr-

hermeneutic circle is in full swing. The GIS analysis will chaeology. Forli. Italia.

proceed once data have been defined to a satisfactory level

which will lead to the discussion of community patterning. Bishops P. D. Hein. M. Barbetti andT. Sutthinet. 1994. Twelve

centuries of occupation of a river-bank setting: old

4. Conclusion Sisatchanalai. northernThailand. Antiquity. 68:745-757.

Several problems in the use of GIS in archaeology have Brandt, R., B.J. Groenewoudt and K. L Kvamme. 1992. An

been noted. These problems have been related back to experiment in archaeological site location: modeling in

the lack of a general underlying theoretical framework from the Netherlands using GIS techniques. WMrdArcheeol-

which to utilise the technology. One area in particular has ogy. 24(2):268-282.

been highlighted as a necessary beginning for the develop- Burrough. P• A. and A. U. Frank. 1995. Concepts and pera-
ment of such a theory. This area is that of conceptual data digms in spatial information: are current geographical
modelling for the explicit definition of data to be incorpo- information systems truely generic? InternationalJour-

rated into the analysis. A hermeneutic procedure has been nal ofGeographial Information Systems. 9(2):101-I16.

4 outlined for this definition, and an archaeological dataset

has been discussed. Demaine, H., 1978. Magic and management: methods of

ensuring water supplies for agriculture in South East
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Abstract rience (Marshall, 1 94).

TheWalkway Management System (WMS) uses geographic An estimated 2.4 million visits were made to DoC offices

information system (GIS) software to calculate an esti- in 1994/95. Current international visitor numbers are over

mate for the level of maintenance required for walkway one million each year, and theTourism Board expects num-

segments. It then assists the user in prioritising the main- bers to increase to two million by the year 20u0 and three

tenance on segments of the walkway that require repair. million by the year 2004. About half of these people visit

The development of the WMS is a cooperative effort be- areas managed by DoC (DoC, I 996a).

tween a team of researchers at Lincoln University and

Department of Conservation (DoC) staff. DoC staff pro- In April 1987. administrative changes led to the creation of
the Department of Conservation. DoC assumed manage-

vided guidance and data, and the Lincoln University re- ag

search team has implemented the system in ArcInfo soft- ment of New Zealand's national parks, forest parks and

ware.This paper provides an analysis of the walkway main- other protected areas, including the numerous walkways

tenance problem and an overview of a GIS application from the Department of Lands and Survey and New Zea-

developed for use as an applied tool for resource manage- land Forest Service.

ment. In September 1994. DoC published a Visitor Strategy Dis-

cussion Document (DoC. 1994). It states the Department's

I Background objectives as being:

Outdoor recreation is a major pastime of New Zealand- "(a) to protect New Zealand's natural and his-
ers and visiting international tourists. In recent years, there toric heritage

has been a dramatic increase in demand for wilderness'

experiences. This demand has put tremendous pressure (b) to provide opportunities for people to appre-

on the country's walking tracks (Kearsley & Gray, 1993). ciate. use and enjoy the lands and waters it man-

With the changes in patterns of visitor numbers, use and ages - but with care and respect

expectations, it is vital that managers plan for the future to (c) to act as a voice for conservation in the com-

provide appropriate services and facilities, without endan- munity and in government:'

gering the resources that the visitors have come to expe-

i We use wilderness as a relative term depending on the user's perspective. A user may consider the wilderness to be a

short walk on a wooded trail near an urban area, while others may consider the wilderness to be a back country trail.

K]I•IIfi ,I Vi]VVI L I ll S
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This document was written as the first step in the process ally used by well equipped and experienced trampers who

of addressing the issues of management and planning for are interested in the rough and rugged wilderness. and do

the resources under DoCs care in relation to the changes not require carefully maintained walkways and facilities.

taking place in visitor flow and needs.
Walkway maintenance is one of the major problems that

In October 1996. the Greenprint documents outlined DoC has. McQueen ( 1991) has outlined some of the en-

SDOC's policies to the incoming government (DoC. I
9
"6a vironmenual impacts of visitor use on walkways. In addi-

and b). TheVisitor Strategy in this document set five goals: tion. Simmons and Cressford (19"9). Stewart (1985). and

"(a) Protection Young (1985) have researched the effects of the environ-

(b) Fostering visits ment on walkways. Some general conclusions drawn from

(c) Managing tourism concessions on protected lands this research are discussed below. These conclusions are

(d) Informing and educating visitors supported internationally (Department of Parks Wildlife

(e) Visitor safety." and Heritage
2 . 1994), and by the casual observation of lo-

When the documents were written, DoC was responsible cals and frequent walkers (Grzelewski, 1995).

for the management of about 27 per cent of the country's One of the major areas of concern for DoC is the envi-

land area, with about 8600 kilometres of walking tracks, ronmental impact of the increased visitor use on walk-

1200 kilometres of roads, 960 huts, 250 campsites. 40 visi- ways. Frequency of visitor use is often one of the major

tor centres and thousands of roadside, waterside and road- causes of walkway deterioration. The higher the number

end facilities. Visitor structures managed by DoC include of users, the greater the impact of trampling (although on

boardwalks, boat ramps, jetties, pedestrian and vehicle gravel surfaces high user numbers compacts the substrate,

bridges, retaining walls, safety fences, guard rails, and view- lessening the need for maintenance). Other problems, such

ing platforms. There are between 15-20,000 structures at as walkway widening, occur where the walkway is con-

4500 sites. gested and walkers overtake each other or where the

The Department recognises the value of GIS in the man- walkway shows signs of deterioration, in which case the

agement of these land, facilities and walkways. McEwen users will walk on the more stable edges of the walkway.

(1990) discussed the ways GIS could be used to assist DoC Unplanned walkway formation occurs when users go off

with its land and facility management problems. the designated walkway creating a new walkway through

DoC classifies walkways into four categories; path, walk- formerly untracked areasThis can lead to locally severe
environmental impacts, as wall as lowering the recreational

ing track, tramping track and route.The level of visitor use

and wilderness value of the area.
for each walkway segment is an important consideration

in determining the upkeep of the walkway. The greater Other tatLtr-s such as slopeaspect soil type, rainfall, walk-

the walkway's use, the more investment usually goes into way surface and vegetation influence the rate of walkway 3
its upkeep.Another consideration is the walkway category. deterioration. Walkways on steeper slopes tend to have

Due to user needs and perception, a path requires more water flowing off the slope over the walkway causing ero-

maintenance than a route.A path is used predominantly sion.Walkways on flat surfaces may have drainage prob-

by families, less experienced walkers and the disabled.These lems. High intensity rainfall has a more detrimental im-

users require a higher standard of walkway and facilities, pact on walkways than low intensity rainfall. Organic soils

and as there are more of these users there is a need for are more susceptible to damage than gravel soils.The north,

more facilities to be provided. Whereas, a route is gener- west, and northwest aspects receive more impact from

2TheTasmanian Parks &Wildlife Service has developed a management strategy document. The Lincoln research team has

been in contact with the Tasmanian Parks & Wildlife Service and we will be sharing ideas and results with them.
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wind during the year than the other directions. All these able data, and the availability of local knowledge to assist

factors and others need to be considered in the manage- in the development of the prototype.

ment of walkways.
2 System Developmnent

The Mount Thomas and the Oxford Forests in North Can-

terbury were selected for use in theWMS prototype de- 2.1 Problem Detinition

velopment. The MountThomas Forest, located 60 kilome- DoC is in the unenviable position cl having to balan he

ires northwest of Christchurch. covers an area of 10.800 need to protect the environment and resources for which

hectares. It has six walkways of varying length, a picnic/ it is responsible with the desires of the -ecreational visi-

camping area, permanent fire places. toilets and running tors who wish to use those very resources. In making

water.The Oxford Forest, located approximately 56 kilo- management and planning decisions, DoC must keep these

metres from Christchurch, covers an area of 11,350 hec- two apparently opposing needs in mind.

tares. It has four walking tracks and four tramping routes Due to the limited funding that DoC receives an'• the large

of varying length (DoC. 1991 ). These two sites were cho-
number of facilities, services and lands it i,w to manage

sen for their proximity to Christchurch, the number of and maintain, there is a need for DoC to efficiently allo-
walkways and facilities associated with the area, the avail- cate its limited financial resources. Currently. DoC uses a

Module I Module 2

Visitor Use -

Aspect 0

Slope

Amenity -

Soil Estimated 
Site

Segment Chock Repair
Hydrology Maintenance w Site Repair Priority

Priority
Value

Walkway
Surface

Visitor Use

Vegetation

WalkwayPast __ Category

Occurrences

Altitude

Figure1 - WMS Prototype Maintenance Model Structure Diagram
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combiratio of mnual and automated techniques to ealu- 3 Prototype Implementation

ate the need for walkway maintenance and repair. No one Most of the dlgltal geogrpic data required for the proto-

system has the information required to make a standard tp was held by the DoC Canterbury Conservancy

and efficient evaluation of wakway maintenance priorties Christchurch office in Terrasokt GIS format Data such as

contours, walking tracks, streams and soil and vegetation

2.2 Problem Solution polygons were converted to ARC/INFO format by DoC

The WMS prototype was implemented primarily inArcinfo staff. The Uncoln University research team then manipu-

GIS software. GIS provided the functionality to analyse the lated the base data layers to include only the information

spatially coexistent factors that impact upon walkways. In relevant to walkway maintenance. These layers are the

the early stages of the conceptual design.the research team maintenance factors in the WMS prototype.

recognised that modeling the physical factors could only The item's (database fields) Factor Class, FactorValue and
provide a range of probabilities for maintenance on walk-

Factor Weighting were added for each maintenance factor
way segments. There needed so be a knowledgeabl ob-

and populated with data.These values were discussed with
server to then evaluate these segments for actual mainte- DoC experts and adjusted based on their input.

nance needs. The actual maintenance requirement could

then be input into the system and a prioritised mainte- ArcView was used for display and query purposes. This

nance ranking would be generated based on walkway char- software was chosen because of its relative simplicity and

acteristcs and use. Figure I illustrates the conceptual availability at DoC conservancies.The ability of DoC users

solution consisting of two principal modules, to query attribute information and produce maps of the
walkway network was considered to be important

Module One calculates an Estimated Segment Maintenance

PriorityValue for each walkway segment based on its level Both modules required graphical display of results.Walk-

of visitor use, aspect. slope, soil type. hydrology, vegeta- way segments were colour coded to indicate priority. Maps

tion, track surface, altitude, and past maintenance charac- can be simply produced to show the location and rank of

teristics. The higher this value, the greater the. likelihood all track segments or to highlight only those which have

that this segment will require maintenance. This result been designated within the highest priority range.

gives the user a set of rank order track seg•lent locations

where maintenance problems would most likely exatThese 3.1 Module One

results provide an indication of the resources needed to Slope and aspect polygons were derived from 20 metre

inspect the walkway network for required maintenance interval contour data. A 50 metre resolution lattice was

and potential maintenance needs, created from aTIN of the study area which provided ap-

Module Two maintains information on the required main- propriately generalised slope and aspect information.Walk-

tenance or repair. Needed repairs are input into the Site wayvisitor numbers were obtained from DoC field records

Repair component of the Repair Priority module (Module and linked to the walkways by walkway site number. Wlk-

Two). This is done from a pick list of different categories way surface attributes were manually attached to walkway

of maintenance required.The amenity value (Archaeologi- segments. A hydrology coverage was created by buffering

cal Sites, Species IndexAreas of Natural Significance, Geo- streams to a distance of five metres.

logical Preservation Sites), site repair value, walkway cat- Maintenance factors were combined using line-in-polygon

egory and level of visitor use values are combined and overlay to produce a segmented walkway coverage.Welk-

sorted to provide the user with a segment repair priority way segments varied in length from tens of centimetres to

listing.Armed with this information, the user can then de- tens of metres depending on the variation in visitor use,

termine a walkway maintenance schedule.
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(u slope sot". il wal kwa surfe, vege on, Thain The rtrults of this equatyt am e sp m, on a coour coded

and altitude, m" to show the anlking of tht waikw t segmem by re-

A model that sums the maintenance factors was dfordee- pair priority.

oped using the following equation (factor values and fac- values an w n d w ied wtht

and roupd ito casss fo diplay an thei caegredb.c A iard meeinwaheld wist ho

3o2 M uei g vaia s iThe results from an initialtest run were used by the r.

Esdimo ad Sellaent oakitenam e Prority Vale w a search team to review the Bh wl a tsta cou st at Motnt

[(Fvu * Wva ) + One (only ncssary ai(Fs *Ws) + Thomas. The systae f the respeti e l ctors that

(Fh *dWh) + (Fws *Au ws) + (Fv * Wv) + (Fal *b sl) + should be used in each modulem the factor valuesnand weIn ht

(Foa * Wpo)] values wex rss eviewed. Whilst the initial resulto sere

The result is a numerical mainteance priority va for deemed to be reasonably accurate, a number of factor

every wldkway segments These priority values are sted values and weightings were revised. along with the factors

and grouped into classes for displayc and their categories. A similar meeting was held with Doa

management staff at the Canterbury Conservancy office

3h2 Module Two in Christchurch where additional suggestions were made.

Module Tha theyaus Anity segmented walkway Both field and management stoff could see the potential

coverage as Module One (only necessary attributes were value of the system for their respective long term planning

retained). Actual repair event data are added by selecting and day to day implementation of maintenance. Interest

the location graphically and inputting a site repair value was expressed, without formal commitments to see full

and a description of the repair required using an input implementation of the system.

form. Taa the res ed WMS prototype were field tested ond

Input of repair events is obtained th u thi e use of a pick the MountThomas Forest tracks. Researchers found that
list of different categories, such as tr-ees over the walkway, maintenance priority values should have been higher where

landslideand walkwaywash-out. Each ofthese categories iatroduced vegetation species occurred and in areas of

has a difrerent value based on the degree of walkway block- southwest aspectr Introduced plant pest species result in

age that they cause. Amenity values are given to each consistent problems of encroachment on the walkway. The

walkway segment leading to a specific amenitya snow on the southwest aspect of the hills, which had not

b ~J4Jy ~ [~*Wm s geren turen rno counte thevsir wouled bco untedeae onae.:

In addition to actual repair events, statutory site inspec- be ae noacuthscue osdrbedmg

tion requirements are incorporated. These are assigned toresangwlayinerspt

site repair values such that they would rank the highest. The changes from the discussions and field test were noted

Those walkway segments that have site inspection require- and incorporated into the system.The results generated
merits assigned to them are displayed in a separate cat- by the revised WMS prototype were more realistic and

egory- useful.

A model was developed that sums this repair data with

walkway usage. walkway category and amenity value to 5 Assumptions and Limitations

calculate a repair priority value using the following equa- Visitor numbers are taken by DoC as one way traffic.This

tion (factor values and factor weighting variables are de- has major implications for the amount of deterioration on

fined in Table 2). a walkway due to visitor use. For instance, if the walkway

is a single return route, the visitor would be counted once,
SkeRepi Pri•ority Value =[(Faro * Warn) + (Fvu*

Wvub + (wc:Wwc)+ (sr Wr)]even though the trail would have been ta-verse twice by
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Wile I - Ea3aluation Mblaes used in the Pmmoeype Maintemnne Modd: Module One

M1alintenasnce Factor Class Factor Factor Descripton
Factor Value_________ Vahi

0-49 1 *litle impa
500- 99 2 * walkway deteiorauton

Visitor 1000 - 1999 3 * moderate walkway

Use 2000 - 2999 4 10 Deterioration
(Fvu * Wvu) 3000 - 4999 5 * almost total soil removal

5000-9999 6
10000 - 19999 7 *severe walkway
>20000 8 Deterioration
North 2 * Number represents the level
North - East I of impact from rain, wind and
East I Snow

Aspect South - East 0
(Fa * Wa) South I S

South -West 2
West 3
North -West 3
S I 5 *flat to gentle

I>S<2 5
2>S<=3 5
3>S<=5 5

slope 5 >S 10 I 3 gete to moderate
(degrees) 10 > S <- 20 2 * moderately steep
(Fsl *Wsl) 20 > S < 35 3 *steep

35 > S < 55 4 *very steep

55 > S < 90 5 *precipitous
Gravel soils I* low impact 0
Associated Yellow-brown I
"shallow & stony soils
Yellow-grey earths 2* moderate impact
Yellow-grey to Yellow-brown 2

Soil earths intergrade 2
(Fs * Ws) Lowland Yellow-brown earths 2

Upland & high country 3* high impact
Yellow-brown earths
Recent soils 3
Organic 4 * severe impact

Hydrology > 5 metres I I Potential for washing out
(Fh * Wh) < 5 metres 2 and erosion from stream

overflow and flooding
Rock 0 * little impact

Wallkaw Top Course I 3 * compacts down b
Surface Natural 3 * top soil and vegetation easily
(Fws * Wws) Impacted

Alpine Tussockland I * high durability to trampling
Grassland 2

Vegetation Beech Forest 3 2 * maintenance required
(Fv * Wv) Broadlea Forest 4

Introduced - all types 5 * high maintenance required
0 0 Number of past occurrences

Fast 1-2 I 20 increases the potential of
Occurrences 3 -4 2 Occurrences
(Fpo *Wp) 4 3 >4

Altitude >: 750 metre 0 7 The higher the altitude the less
(Nal *Wal) < 750 metres I maintenance required
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liable 2 - Evaluation liables used in the Prototye Maintenance Model: Module iko

Reie Factr Class Factor Fat.r ID, 4

Only' 4 AN sites ofsignlflcancesuch as
orm.-, archaeological sits. arms of natural

A enitky Only 13 2 significance. geological pr-teraon
sties and spce index

(F.aii* Warn) Shared way to 22
Shared way tol I

________None 0 _______

0 - 49 1 The iI mo srhe greater the pri-
ority for maintenance

Soo0-999 2
Vksior 1000 - 1999 3
use 2000 -2999 4 4
(Fvj4 * Wvu4) 3000 -4999 S

500 -99996
10000 - 19999 7

>=20000 B ___

Route I Expectations and leel of experience
Wafkwqm Tramping Track 2 1 differs from Path users to Route us-
Caftory o
(Fwc *WNc) Walking Track 3 therefore need for quality of walk-

way and facilities differ
path 4
Fallen tree: Minor 2 Tree has fallen on walkway.VWakway

still useable.
Major 10 Tree has falen on walka Walkway

impsal.
Landslip Minor 2 Small slip. Wakway still useable with

Wite or nodanger.
Major 10 vorsllPVVWakwwayclos.d due to dan-

gwr t. users.
Site Repair Washed out: bridge 10 Walk."ay kap zsable.
(Fsr *Wsr) :walkway 10 WalL ely in'nassable.

Damaged: stairs I S Stair brok-n or dam. 6ed VWaker.. itill

bridgeuseable.
brige2 Bridge broken cr damaged.W,,sway

still useable.
boardwalk I Boardwalk broken or damaged.WAlk

way still useable.
platform 3 Plafom broken or damaged.WitVqi

still useable.
Tree roots 2 Tree roots damaging walkway Walk-

way still useable.
Flooding 4 Walkway or structure flooded. Walk-

way still useable.
Site inspection 200 Mandatory site inspection.

the person walking up and back.This highilights the need needs to be done to confirm the relationship between the

for more precise visitor monitoring to fully gaug the ac- ptysical factors and track maintenance, so that the results

tual number of people walin on each segment. obtained for the Estimated Segment Maintenance Priority

Some of the data in die current tale hav been dael- Value more closely reflect reality. User feedback will also

oped from studles of othr areas localin W~mto be necessary from act"a operationa exeierc toajs

soures nd nputfro loal DC saffMom eserch the factor values and factor weights to ensure the great-
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est modela cu-rac. face could provide infom ti on wakw catery level

Generaistions were made for some of the phyia fac- of use, currnt walwa conditions, distances and werqe

wn• that,,aynot be vialkl for an expanded amu of analyss. -Aftn times for the walkway, equipmnent required, rec-
ommended exper~ii~i iI~ i iI iencelevLontor intretaln th

For instance, due to the relatively small site of the current nred xpinclvl.ontofneesaogth

study ar'. it is assumed precipitation is constant.The ira- walwa segments. and map print---s

pact of precipitation is taken into consideration by using

the walkway surface and category. slope. soil. hydrology, 7 Conclusion

and vegetation factor values. Precipitation variation will The VValkway Management System prototype is a first at-

need to be used if the WMS is applied to a wider area. tempt to model the complex physical and human factors
that result in maintenance needs on the different casego-

Data input for actual repair events is associated with walk-
ties of walkay. GIS has already been used to record

way segments. rather than point locations. This may result

maintenance needs for transportation infrastructure, but
in accuracy problems for longer segments. this research extends GIS capabilities beyond a record's

6 Implications and Further management function to provide an analytical and man-

Devlopment agement tool that can be used for short term and long
term decisions for walkway management. maintenance and

DoC staff can use the prototype to more efficiently ap- vability.

portion their resources for maintenance and repair activi-
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Abstract and intelligent digital records that play an active role in

Land Informatin New Zealand ha been chared wi the automated processes.

development of a strategy for the integrated automation This automation strategy will not only retain the princi-

of the survey and tide systems. This is a new programme pies of the survey and tide systems, but will extend them

with new management structure and new oblectives. The and completely alter the way in which they operate. It will

preliminary phase to determin user require nts has been also enable Land Information New Zealand to meet its

granted fiuding approval by Cabinet Following coimple- vision of providing world class land and seabed informa-

don of this phase, approval for the rest of the programme tion services,

will be sought

Introduction
This paper explores the principles, impacts and opportu-

nites of this new integrated system from a survey per- Background
spective. The automation strategy will involve a redesign Prior to the restructuring of the former Department of

of systems and processes to allow the full benefits of au- Survey and Land Information (DoSLI), Survey System

tomation to be reised. management embarked on a programme of change for the

A fundamental principle of this concept is that the survey current survey system. The primary drivers were to:

and title transactions will merge into a single digital land reduce costs;

transaction. This will enable surveyors and solicitors to impr e-iicies;

develop neow rbadonships for creating and subm" trang meet changing requirements of the National Spatial

actions in land. Reference System; and to

The impact of an integrated land tenure system on the ensure that the survey system could take full advan-

existing survey and tide system is one of complete proc- tage of developing technology capablities (which in turn

ess automation with the implied digital conversion of dictate new user requirements).

"pteysical records". This digital conversion would not sim- Analysis confirmed that the current survey system is reach-

ply/be a change offormat from paper to static digital records ing its limic of cost-effectiv improvement and would not

such as scanned plans (although it may Include this for be able to meet the envisaged needs of the users of the

historical records). It would also involve creation of liv 21 st century and beyond.
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Tme resructuing of DoSU, and the subsequent creation - contract non-core functions

Of Land Informaton New Zealand resulted in this pro- • provide a platform for 31' party services

grainme being reassessed in terms of the new Depart- Government Outcomes - Survey and

ment' vision and business driver" Titles Responsibilities

The New Department - Land The prnciple functions which must be undertaken by the

Information New Zealand Survey and Tiles systems to meet the Government's re-

The restructuring and refocusing of the former DoSLI as quirements are set out in Figure 1.

Land iinformatio•, New Zealand was designed to ensure This illustrates that. in addition to specific Crown Related

the effective and efficient delivery of public good land - services, Land Information New Zealand's principle func-

related services in order to maintain and accelerate New

Zealand's economic growth. The Chief Executive and staff tion is the management of core land information.

identified the following business drivers for the new De-

partment (Land Information NZ. 1996a ): SURVEY AND TITLE AUTOMATION

* focus on core business functions of maintenance and In order to meet the Department's business drivers and

provision of core data, processes and information Government outcomes concerning the management of land

improve Department efficiency and effectiveness informationa Survey andTideAutomation Strategy project

* fully integrate the former Land Tiles Office and DoSU was commissioned. (LINZ, 1996a)

functions

Land Information ' 0
New Zealand

I Manage Land Provide Land Serie Plan and Manage
Information to the Crown the Department

L- ---------------- -- -----

Maintain Legal Interests In Land
Maintain Legal Register
Maintain Supporting Instruments

Maintain Spatial Infrastructure
Maintain Geodetic Framework
Maintain Spatial Cadastral Records
Maintain Spatial Topographical Records

Manage the Provision of Land Information
Provide Standard Mapping I
Provide Title, Survey ard Public Land Information and Advice

L- -- -- -- ---- ------ ---- -------- -- - ---- J

Figure 1 Land Information NZ Business Functions
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nizure 2 Core componients ot the proposed Autnoyalted Surv'eC y Title Syjstefls and u(ser•. ' staeholder.s iteresLt

Automation Systems Strategic Vision Design Core Land Record Project

The vision is of a fully digital information systems environ- This pro-ect has been completed and the following Entity

ment within the Department which is closely integrated Relationship Model (also known as a Data Model) illus-

with external users of land information. The vis;on recjg- trates the major business entities and their relationships

nises that information is a key strategic resource for the to one another. It is a conceptual definition of the target

Department and therefore the exploitation of the capa- Survey and Tide Core Land Record.

bilities of technology and the adoption of'best practice' in

information management are pivotal to the success of the Key Points of the Core Land Record Model:

new Department meeting its business objectives. The Core Land record model:

The diagram shown in Figure 2 represents a high level view supports the vision of an integrated Survey and Tide

of the Survey andTstle Automation building blocks and the record through a single data model

relationships to other UNZ businesses as well as users/ supports the transition period from a paper-based to

stakeholders. digital system

the conversion of paper records t"inteligent" records

Strategy - Phase One is the key enabler for process re-design

This stage consists of projects which will review current includes the automation and redefinition of the busi-

legislation, define the records which will be core to the ness rules/processes which will realise the primary

Survey & Title Automation Programme, obtain users re- benefits

quirements of the geodetic, cadastral survey and tide sys- provides for the survey plan and tide to be seen as

tems and proceed with initial data and process analysis. views of the digital data set.

The two objectives of this stage are: Strategy - Phase Two

On funding approval the design and build projects of the
"* Obtain sufficient information to present a comprehen-

Core Record Information Management System (CRi~s)
sive business case to government for approval of stage

two funding. and Geodetic Management System (GMS) will commence.

", Identify and specify the business needs, based on user In addition, the projects which are required for data con-

version will be defined and implemented. It is envisaged,requirements, in order to provide the main input for

the subsequent design and build projects that this will include scanning, conversion. reformatting and

back capture of all the required data from paper and exist-

ing digital records.
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Impact from a survey perspective er. The fowing sections discuss the princip and, user

The buldin blocks defined in Figure 2 idic~ate that the requirements, impacts and opportunies of a New Ze-s

Survey System will have a sinficant and actve role in the land's Geodetic survey system.

maagement of the Departmint's Core Land Record, as

well as providing a spat! in fastructure for its oher us-
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Automated Core Record Information of an automated cada Core Record Information Man-

Management system agement System is a coordinate network that will allow

Fundamental Principles efficient electronic validation of new survey datiL Crucial

With the proposed automation of Land Information NZ's to this validation process is a requirement that there be a

unational geodetic control framework in place to underpinSurvey and Title bousies one of the basic principles rhat

will not be c omised is the Department's p y the integration of all cadastral survey data into a single

database. The accuracy of any set of coordinates can only
anprotecting tihe. Aloany changres to d the management o be as good as the coordinate system that they are derivedant" of title". Also any changes to the management of

from so in an efficient automated environment cadastral
cadastral data should not diminish the integ"ty of the data
that the Dertment ossurve datasets need to have their coordinates derived

a tgeodetic system.

Accuracy Standards A clarification needs to be made here that a survey accu-

The proposed Survey Regulations (19 7) have been pre- rate coordinate cadastre does not give the coordinate any

pared to be "output orminted" rather than "prescriptive" legal significance, or status, and the hierarchy of evidence

and process driven. However there are accuracy, and of the physical "monument in the ground" still takes prec-

monumentation standards in the Regulations that the ca- edence over its coodinated value.The coordinate will not

dastral surveyor is required to comply with before a sur- constitute cadastral evidence in its own right.

vey dataset is accepted for integration into the Depart-
ment's authoritative spatial record.The proposed new Sur- Thcoriaepovdasumyofuvydtahtwill enable existing survey marks to be more easily found
vey Regulations and accreditation of surveyors to under-

and verified. In conjunction with other survey evidence
take cadastral surveys in NZ will make surveyors more he I cordi n w i or b un r vy monu ent o

accountable for the quality of the data submitted and Land

be reinstated. However. the historical survey data still re-Information NZ will focus more on maintaining the integ-
mains the core evidence of establishing, and verifying,

rity of the survey system. Land Information NZ will seek

to be responsive to the "intent" and quality of the data boundary location. It is rot necessaryor desirable, for the

lodged rather tun its "legal form". role of the boundary monument to be changed by auto-

mation. p
The professional surveyor's prime responsibilities will be

This supports the principle that in the case of a disagree-to ensure that the survey accuracy, survey definition, and

ament with the Core Record Information Management Sys-record completeness of data lodged meet the required
tern (being a rep~resentation or summary of the survey

standards and the Department will be responsible for the

accuracy stand'srds. the integration of survey datasets into data), the historical survey data, presenty in the form of

its spatial record, and for the integrity of those records. approved plans or in the future - digital transactions, will

remain the core evidence of boundary location.
Random and routine audit procedures comprising field

survey inspections and office data examination will be un- Geodetic Management System

dertaken by Land Information NZ to verify that compli- User Requirements

ance with the accuracy standards has been achieved by The following preliminary conclusions have been drawn 3
the surveyor and to support the proposed accreditation from discussions with users of the Land Information NZ

system- geodetic System:

Survey Accurate Coordinate Cadastre Many users require a GPS compatible geodetic datum.

The fundamental building block for the survey component Spatial accuracy requirements are often higher than

' ,,Oi 0 11 1 000k1d I pl 00 Irl 0 10 11 1 0
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UNZ (Godei. LINZ (Ciidasiai Qiirtn (el:ence. Survey
Tope, Hy"e) Survey A Tid) Crov Lw.Tnd.T•) inliwA yNZIS (USGSAu,%J.G

Ten-Alin' KCsm)
KEY GMS ACTIVITY co

Spatial Reference Frame/Systmi

Geoid Mode"is (vertcal control)LE

Dynam•c Control Systemr

Datum Transformatmns i'

Control Networks

Mapping proections 9

Standlards and Specifications "r"

Consultig.echrucall Adviceto

Geodetic Data rf

Note: Regional/Local Authorities. GIS users, Engineers and the Academic profession are still to be approached for

their input.

I-•auir 4 '•e:r Recqul toctis Summaryl i

currently provided by New Zealand Geodetic Datum The proposed "dynamic" datum will have the following

1949. design features:

Although horizontal positioning is the main require- Dynamic modelling is necessary for continued auto-

ment of the geodetic system, there is a continuing re- mated processing ofgeodetc data and continued main-

quirement for orthometric heights and an increasing tenance of coordinate system accuracy.

need for three dimensional positioning incorporating As cadastral survey definition is based on boundary

ellipsoidal heights. marks, the coordinates of these marks, and the sup-
Reduced geodetic observations will need to be held

porting geodetic control marks. must necessarily change
on-line to allow: to reflect earth deformation.

efficient validation and integration of new geodetic data

generation of up-to-date and accurate ordinates on re- b M ante nance o onglrange ac ruc e possibeeby GPS and dynamic modelling) will reduce the need

quest for survey origins to be obtained locally. This, in turn,

maintenance and application of velocity models, will facilitate efficient use of GPS base stations for ca-

Figure 4 is a high level summary of the feedback obtained.
dastral and other surveys.

New Zealand Geodetic Datum 2000 The combination of 3D ellipsoidal coordinates and a

Grant (I995) outlines some of the options for defining a geoid model will enable continued maintenance of the

new geodetic datum which can maintain accuracy in the vertical control system without expensive conventional

presence of continuous and pervasive earth deformation. levelling.

It is proposed that the new datum will be implemented

lII
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at a national network level (Zero, First & Second Or- cadastral survey data and processes will be increasingly

der 2000) by I July 1998 and that the reference epoch reliant on an accurate geodetic infrastructure as it this

for coordinates will be I January 2000. A national ve- system which enables the efficient association and man-

locity model will enable data to be transformea to and agemernt of digital spatial cadastral data.

from this reference epoch as required. Efic automation of geodeticcadastna survey tide proc-

New Geodetic 2000 Network esses will also require intelligent data (digital data contain-

Bick & Unnell (1997) outline the general features of the ing attributes which enable automated "business rules" to

new geodetic network which will make New Zealand be applied). It is envisaged that intelligent records will be

Geodetic Datum 2000 available to support the Survey & generated by back-capture of historical paper or digital

Title Automation Programme. Its features include; records and, ultimately. digital lodgement of geodetic, ca-
dastral survey and tidle transactions.

Accessible stations (generally drive-on access),

* A complete connection has been made to New Zea-

land Geodetic Datum 1949 I 1 Order marks to enable References

accurate transformation of historical data to the new Wlick, G.H., UinnelI. G.. (1997) The Design of a New Geo-

datum. detic Network and Datum for New Zeand. Presented

The horizontal & vertical networks have been inte-
at the FirstTransTasman Surveyors Conference 12-!8

grated through observation of selected benchmarks April. 7 asman.Aurv r n c 2

by PS.April, 1997, N ewcas tle ,A ustralia .
by GPS.

* The network density for 3d & 4"' Order 2000 stations DawidowskiT.A., Burgess, P., (1996) A Paradigm Shift -

is primarily driven by cadastral survey requirements. Surveying in a Digital Environment, Presented at 37"

- The Number of geodetic "Orders" in the hierarchy Australian Survey Congress, Perth,Australia. I
may be reduced in the future as GPS costlaccuracy Grant. D.B., (1995) Accommodating Change: Develop-

equation becomes less dependent on distance. ment of a Dynamic Geodetic Datum for New Zealand,

Conclusions Presented at NZIS Annual Conference, Christchurch,

The Land Information NZ Survey &Title Automation Pro- New Zealand. 21-23 October, 1995

gramme is currently at the stage of system analysis and Land Information NZ (I 996a) Survey and Title Automa- 1
definition of user requirements. The design, build and popu- tion Strategy

late stages will depend on government acceptance of the Land Information NZ (I 996b) Design Core Land Record
business case to be presented.

System Abstract

The programme envisages full integration of the geodetic Land Information NZ (1996c) Geodetic Management

survey. cadastral survey and tide systems. A single con- System Preliminary User Requirements v 1.0
ceptual data model is being developed for the existing three

systems and business process models will be aligned wher- Land Information NZ (I 996d) Core Record Information

ever practicable. This will allow Land Information NZ to Management System Preliminary User Requirements

realise internal cost savings in undertaking its functions v 1.0

and will also deliver significant savings to external users.

The efficient automation of survey data (geodetic or ca-

dastral) will depend on provision of an accurate and ac-

cessible coordinate system. In particular, automation of
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An Evaluation of Digital Elevation Models for

Upgrading New Zealand Land Resource
Inventory Slope Data.
James R.E Barringer & Linda Lilburne

Landcare Research NZ Ltd.

P.O. Box 69, Lincoln 8152

New Zealand

Presented at the second annual conference of GcoComputation '97 & SIRC '97,
Uniersity of Otago, New Zealand, 26-29 August 1997

Abstract ous land (polygons) were defin•d using aerial photographic

Slope is a key environmental parameter which influences interpetation, topographic maps and field survey. For each

land use and erosion hazard. Digital elevation models polygon the following attributes were recorded: rock type,

(CEMs) are often used to map important topographic pa- soil, slope, vegettion. erosion and land use capability clas-

rameters such as slope. However, the quality of such maps sification. Although the NZLRI has been stored in digital

depends on the quality of the DEM's representation of the form in a Geographi Information System (GIS) since 1973.

earth's surface. In many cases errxs in this representa- the database structure has retained its original"paper-map"

tion are neither measured nor estimated. In this paper a formatas a single geographic layer with multiple attributes.

real-time differential GPS is used to acquire ground truth Restructuring the database to better utilise current GIS * E
data. This ground truth is compared with DEMs gener- analytical capability has been hindered by the difficulty of

ated from contours. This analysis shows that three corn- separating key attributes from the existing single layer; and/

monly used contour-based interpolation procedures all or the cost of remapping individual attributes. Landcare

produce good quality DEMs. Research has identified the potential for technologies such

When cas remote sensing (Dymond, 1992b, 199Sa;Wilde. 19%)
When considering the replacement of more traditional nd digial elevation models (Dymond, 1992a, 1994, 1995b)

slope maps based on field mapping or air photo and con- in operational mapping or updating of the data-
to be used it DEM-derined saoie or u t id

our interpretation with OEM-derived slope maps, it is base but they have not yet been utilised widely.

important to establish that DEM-derived slope manp do

represent an improvement on existing approaches. This Slopes derived from digital elevation models (DEM) could

paper compares field mapped and DEM-derived slope main be used to upgrade the slope attribute currently stored in

with slopes calculated from GPS elevation data. It shows the NZLRI. However. most DEMs are interpolated from

that DEMs can provide both improved spatial resolution the most commonly available source of topographic data -

and increased accuracy in slope maps. digital contours which in turn have been generated

photogiram etrlcally from aerial photographs. In many

I. Introduction cases there is no quantitative assessment of DEM accu-

The New Zealand Land Resource Inventory (NZLRI) has racyq and error propagation to secondary parameters such S

been the primary source of land resource information for as slope and aspect is not addressed (Fryer, 1994).

"New Zealand since the early 1970s. The data in the NZLRI In this paper we investigate the development of a raster

came from field mapping. Areas of relatively homogene- layer of slope data to replace the classified attribute re-
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corded in the or4inl NZLRI polygons. In particular., we (eting. northing and elvton) from sateltes.

review measures for determining DEM acuracy. and in-

vestigate the magnitude of errors in slope as calculated The root mean square error (RMSE) between DEM and

from DEMs. V* also analyse the relative merits of data ground truth elevations can be used to measure DEM ac-

colcted using fleld survey methods and DEM-based slope curacy:
maps.k

2. Measuring Accuracy RMSE

2.1 DEM where n number of points

There are many potential sources of errors in DEMs. d = z. - I

Contours are the most common form of topographic data z,_,' = ground elevation recorded at point i

from which DEMs are derived. Contours are derived us- z O_ = DEM elevation at point i

ing photogrammetric methods. For Oxl10 inch photogra-

phy gathered at 1:50000 scale these methods can lead to Alternatively U (1988) advocates the use of the standard

heighting errors of ± 0.6 m for spot heights. and ± 0.7 m error (S) and mean error ()

for contours just from random errors in the

photogrammetric process (Fryer. 1994). This could lead 2d,

to contour displacements of 140 m on a flood plain with S where -1 = (2)

0.250 (0.5%) slope. Most mapping organizations only guar- n

antee that contour lines are correct horizontally to within

half the horizontal interval between the contour lines 90% RMSE is the more widely used statistic but assumes a zero i

of the time (Fryer, 1994). mean error, and therefore no systematic bias in the DEM

(U, 1988). Both U (1988) and Monckton (1994) suggest
To determine DEM accuracy. we need some independent that this assumption is not justified.
knowledge of the topography to determine the difference

between the digital surface and the real elevations of the 2.2 Slope
same locations on the ground. This requires both a suit- A
able sample of ground truth points, and suitanie sttstc As with OEM elevation, slopes calculated from a OEM sur- ;

face are subject to several sources of error. Skidmore
from which to derive error terms (Monckton, 1994). Most

commonly such ground truth points are taken from the (1989) provides an analysis of the algorithmic accuracy of
six methods for calculating slope and aspect. However,

same topographic database as the contours, in the form of
local spot hleights recorded at trig stations and local pek algorithmic accuracy is only one source of error in calcu-
Howeveratripland spot heights e d oi ntaiovns an godl lated slope. An important issue that does not appear toHowever. trip and spot heights do not provide a good

sample of the landscape since they oerrepresent p have been addressed is calculating how elevation errors

under-represent low areas. and maybe non-randomly dis- propagate through slope calculations ( Fryer, 1994). This

may be because slope maps, while easy to produce, can betributed (ie., biased towards hilly areas). Acquisition of
"difficult to reconcile with e field measurements of slopeground truth point should preferabl be derved by inde- p edn uv~ete mtl e.re~~(Oymond. 1994). This is because field measurements Of

slope are usually "integrated" over "slope length" by anor traditional field survey (eg.. Moncktton, 1994). A new

method of obtaining ground truth points is by using Glo- observer whereas OEM slope is generated for a fixed slope

bel Positioning Systems (GPS) which estimates position length which is related to the sampling interval (lie., the

DEM resolution). Some degree of integration over slope
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length is vital to avoid "noise" from micro-topographic Data was collected for two areas in the vicinity of Mt

variations of slope which could only be mapped at very Vernon, on the Port Hills south of Christchurch (Fig I).

large scales. However, there are no recognised standards Area one induded 400 points on a 25 m grid (500 m2 ) for

for defining slope length. As a result, analysis of slope er- the north facing slopes below Mt Vernon. and area two

rors presents Significant problems because the accuracy 100 points in a 250 ml area over a rolling ridge crest north

of any ground truth slope data is unknown. Ground truth east of MtlVernon. For the majority of the data collection

data have been derived through manual interpretation of PDOP values remained at 4 or better. However, in the

contour data (Skidmore, 1989). Such data may be useful deepest parts of the gully in the larger of the two areas,

for testing algorithmic accuracy, but seem a questionable the steep terrain and limited horizon resulted in fewer

source of ground truth. Hammer (1995), and Dymond satellite links, higher POOPs, and lower positional accu-

(1994) used detailed ground survey to locate grid points racy. Data from the GPS were converted to a "ground

for each DEM cell centre and/or manually measured slope truth DEM" simply by allocating each grid square the el-

by clinometer to gather independent ground truth data. evation value recorded at its centre.

Calculated slope data can be compared to measured

ground truth slope data in a number of ways. Dymond 3.2 NZLRI Slope Mapping

(1994) used a graphic interpretation with associated trend The study area on the Port Hills was mapped during the

or correlation statistics. Skidmore (1989) used Kendalrs I st edition phase of NZLRI mapping (Hunter, 1976), but

tau measure of association and Spearman's rank correla- has not been remapped to 2nd edition standards. To use

tion coefficient to test for a significant positive correlation only I st edition data for an accuracy analysis with OEM

between true and calculated slopes. Hammer et a. (1995) slope data would not be a fair reflection on the whole

classified slopes into 50 classes and reported the percent- NZLRI database, which contains, particularly in the North

age of cells in the matrix correctly classified, and correct Island, substantial areas of 2nd edition mapping. To make *
an approximate assessment of the accuracy of slope map-to within one class.
ping in the 2nd edition NZLRI, two scientists who were

Methods involved in both Ist and 2nd edition NZLRI mapping car-

ried out a blind resurvey of the study area and surrounds

3.1 GPS-based Ground Truth Data (i.e., without exact knowledge of the location of the GPS

Collection survey) by interpreting aerial photographs and topographic

ATrimble GPS Pathfinder Pro XL system was used to col- contour data. Their slope maps (now referred to as 2nd

lect ground truth location/elevation data. The system uti- edition NZLRI) were digitized, converted to 25 m raster

lised a radio-link to a GPS base station service to deliver format and compared with the ground truth slope maps.

real-time differential positions with nominal sub-metre In addition.a detailed soil survey of the Port Hills (Trangmar, i
accuracy given a precision dilution of position (POOP) of 199 1) that included a classified slope attribute was con-

4 and satellite elevation mask (SEM) of I5 degrees. Coor- verted to a 25 m resolution grid for comparison.

dinate data from the GPS were recorded using the same

coordinate system as the digital contours and topographic 3.3 DEM Generation

base data (the New Zealand Map Grid), allowing "way Three 25 metre resolution DEMs were generated from

points" to be aligned as closely as possible with the 25 m three commonly used interpolators using Land Informsa-

grid of the DEMs interpolated from contoursgiven limita- tion New Zealand (UNZ) 20 m contours from the 1:50,000

tions imposed by trees and rock bluffs at a small percent- topographic database.Two of the interpolators were from

age of sites. within ARC/INFO. They are referred to here as the

ARCTIN andTOPOGRID methods.TheARCTIN method
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F~pr :lo cainmap _ _ _

ussCREATETIN to make. an irregular triangular network

(TIN),.then uses theT1NLATTICE coffmand with~ the lin- wher - qa +2d i-g)-(c+ 2f +i))

ear option to conver the to a DMTeOORDo xcl rslto

mnethod is the ARC/INFO implementation of ANUDEM

(Hutchinson. 1989). An interpolator developed in-house and cy 8cl-rslto

Slope was calculated using the ARC/INFO GRID function

SLOPE, which utilises a 3 x 3 window to calculate slope h
using the thirdl-order finite diffierence method originally Slpema swr generated from teDMcetdb h

propsed y Ho (19 1).ARC11N method ("ARCTIN interpolated slope map") and

frmthe DEM create from the GPS data ("GPS ground

slope =arctan +I trfu(3 slope map").
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AACTIN GJLTWA 7OPOGAID h' amount. The standard error seatetic suillsts that the
- ~~~ARCTIN and GILTRA methods -ekr stdo* ete

PAM 5.77 7.6 then the TOPOGMi method when interpolating from

0.29 5.00 A406 contours alone.

5 .76 5.35 &SO For all three methods these figures compere favourabl

lkbke 1: Comparison of accuracy statistics foir DEM with tiome quoted as standard for USGS DEMs (UISGS
surfaces generated from 20 in digital contours using 1996) despite the use of trig stations and spot heights as
different interpolation algorithms. These figures
compare fasvourably with published USGS DEM ground truth points in USGS analyses. For example. level
standards for Level I DEMs hor which 'a vertical I LISGS 7.5mmu DEMs must haveanRANISE of essthan
RMSE of 7 meters or less is the desired accuracy 1' y
standard,; and 'an RMSE of 1S meters is the 1 er&adper*ls hn7mta
maxiim um perm itted' USGS (I1996)ý

4. Results 4.2 Accuracy of Slope Estimates

The classification matrix (table 2) illustrates the match

4.1 Accuracy of Elevation Estimates betwen theARCTIN interpolated slope map and the GPS

Table I presents the RAISE. - and S statistics from a com- ground truth slope map when both maps were classified

perison of DEMs created by theARCTIN.TOPOGRfl and into 5' classes. Somec 36% of cells have the correct slope

GiLTRAP methods with the ground truth DPI.The table class assigned (±2.S-), while 83% of all cells are correct to

show tht thARCIN-bsedDi Mhadthe owet RASE. within one slope class (±7.50). This compares favourably

with the GILTRAP and TOPOGPJD DEMs havng similar with results reports from an analysis using a 30 mn USGS

RAISE statistics. The ARCTIN DEM also had the lowest - EM (Hammer. I99S).

and standard error statistic. The GILTRAP method gmner. Itn any calcuiation used for estimating slope from a Dill*
ally over-estimates elevation by 5 metres. while the suface, elevation errors in the DFM surface ame propa-
TOPOGRID method under-estimates elevation by a smini gated through to the slope map. In this study maximumi

GIPS Ground Truth Slope Class

Class 1 2 3 4 5 6 7 Total CelsN

0 12 4 1 17

1 4 6 1 11

2 1 9 5 I 16
U

S 3 3 23 34 22 8 2 2 94

4 13 135 169 61 16 2 1 6 1

5 2 3 10 40 65 12 S 137

6 2 12 26 10 so
- 7 2 3 3 1 2 11

8 2 1 3

I cells 22 s8 90 147 165 31 12 525

%correct 18.2 15.5 37.8 46.9 39.4 32.3 Wl 1 36.8

Mabbe 2: Comparison of'slopes derived from GPS ground truth surveyand ARCTIN-ba~sed
LiFM. Of the 525 cells 37% are correctly classified (±2.50) and 839 %are correct within one
slope class 7. 750)
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elevation errors at any call were found to be aprxmely with the GPS gpound truth slope map show that 43% of

±20 metres. Within a 3 x 3 cell window this equated to a cells are correctly classified, and 90% are correct within

maximum possible eror in heiht dierential (see equa- one class. Over the 3 krmi area surrounding the GPS sur-

tion 3) of 40 metres over a distance of SO metros (ie.. vey areas the Port Hills soil survey map and the ARCTIN

twice the cell resolution) which results in a worst-case interpolated slope map also show good agreement (30%

slope error of * 3W, Even at low error levels ( 3 metres), correct and 62% within one css).

the propagated error in slope is close to S', or within one

50 class of the true slope. The mean elevation error within S. Conclusions

the study area was ±S metres which would result in a

worst-case slope error of * 100. The actual maximum 5.1 GPS survey for Groundtruthing DEMs

error between the GPS ground truth slope map and e and Slope Maps

ARCTIN interpolated slope map was found to be * 220. The GPS survey was useful as a rapid method for acquir-

but errors of this magnitude are confined to a gully bot- in moderately accurate (±Irm) locational data in the x. y

tom where the GPS ground truth DEM is least reliable and z dimensions. There was some dificulty in acquiring

because of higher PDOP values. Elsewhere in the study good data in some parts of the trrain studied because of

area slope error rarely exceeded 10*.and was usually less a combination of poor satellite geometry during the mid-

dun 5' die part of the day and the degree to which the horizon

was obscured when surveying in the bottom of the gully

4.3 Comparison with the NZLRI slope map running through the study area. However, the ability to

As the aim of this study is to determine whether a DEM use the GPS to reproduce an independent 25 m grd of

derived slope map can improve on the NZLRI slope data, elevation values matching the contour-bae DEMs, pro-

we have compared the NZLIRI with the GPS ground truth vided an objective method for estimating ground truth

slope map.AN of the MtVernon study area falls within one slopes over the same slope length as the OEM slopes. This

Ist edition NZLRI poygon which is recorded as having F method is still subject to errors, but they are more easily

class slopes This class includes slopes of between 26' and quantified than when comparing DEM slopes with those

350 By reclassifying the GPS ground truth slope map us- measured by clinometer over varying slope lengths.

ing the NZLRI classification scheme. A' through'G' (Wa- 5.2 DEM Accuracy

ter & Soil Division. 1969). only 7% of cells are correctly The ARCTIN and GILTRAP interpolation methos pro

classified, while 35% are classified within one class of cor-

vide the most accurate DEMs. however the TOPOGRID
rect (iisi.. E or F slopes - between 21F and 350). method also gives a good surface with the added advan-

The study area overlaps six polygons in the 2nd edition tage of being hydrologically correct However. the analysis

NZLRI which have slope classifications ranging from C (8- suggests that the quality of input data from which the DEM

150) to F (26 35'). When compared with the GPS ground is generated has a more significant effect on DEM quality

slope map, 3 1% of cells am correctly classified, and 76% dtn do the algorithms employed by the different meth-

are correct within one class. Agreement between 2'1 edi- ods tested.

tion NZLRI and the ARCTIN interpolated s m All DEMs produced from UNZ 20 m contours would meet

shows good agreement (37% correct and 76% wiin one USGS standards (USGS, 1996) for a level I OEM. Twenty-

class) over the 3 km
2 

area surrounding the GPS survey five meres appears to be a practical resolution for DEMs

(Fig. 1). to be used in conjuntion with 1:50000 scale data. Coarser

Slope class data is also available from a 1:15000 scale soil resolutions will result in steadily increasing levels of error,

survey of the Port Hills (Trangmar IV199). Comparisons while finer resolutions present substantial dam storage and
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muslukson poblnie ora~ea.thesizeolde NZPI. indicates that OEM-derived slope maps ame approximately

on a parwith data collected in a field survey at 1:15S 000

5.3 Slope Accuracy scale (43% andl 90%). Slope maps derived from DEMs

Slopes calculated from DEMt are subimc to signiicant or- dlearly give a significant improvement in resolution oe

rors, e~e for DEMs with low RNISE and Sstisc. Whil traditional NZLAI mapping as well as providing for the

in the order of 70% of cells may have slope class correctly first time, enough information to opiectively estimate the

assigned to within one class of true slope (i.e.. ±7.5'). dw magnitude of error in slope maps. These gains must be

magnitude, o potenia DEM errors which could be propa- ofse against the "no nws is goo news" perceptions; of

gated through the slope calculation strongly reinforces the some data users who me/ conclude that the OEM data is

need for DEMs to be supplied with some grounid truth less reliable because the level of error is known, or even

data and error statistics to quantify the accuracy of the worse that dhe OEM data is 64% wrong because only 36%

dete.of cells are correctly clasified.

Because of the fractal nature of real hill slopes (i.e.. vafl- Acknowledgements
able at any scale) compared with the slope data derived Dai itaadSehnM~ilfrterautnein
from contour-baed DEMs. which will only show variabil- peaigD~.Jh yod tpe cel n
ity at the scale differentiated by the contours, care must Mgn0l-aneigfrrveigdat fti ae

be ake inintrprtif DE slpe ata Th anlyss aove This research was supported by the Foundation for Re-
is suggstive of fuzzy sets, in that the OEM slope estimated serhSine&Tcolgadrsachotat
for any cell may not exactly match the real slope on the CSS1S
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in accuracy for dhe study area over dhe I st edition NZLRI NZLRI vegetation from satellite imagery. New Zee-
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Abstract 'poelitlenio! releioaefadp'will be used as it is felt dhat. un-

This paper gives a description of the resiults of an investi- lik od term5. it helps to describe the nature of thmes

gation into the natur and use of Positional relationships rlationhips.

in GIS. The positional reltionsh~ips bewe letua in Herm a posituunal redutionslidp is defined as:

spatial databases used in local government have been ana-

lysed to determine a set of rules that enable the spatial A rekbtonslup between spatial features that has been used,

inteo"t of databases to be maintained during update and pmrsa,4 to detenmnte the real world position of one of

upgrade procedures. those features with respect to the odher ftatures, duAnn

initial data capture.

I. introduction. For examnple. if, in order to determine the positio of a

The increasing use of Geographical Information System s e r nacepyilmiwe ntamadtoerb

(GIS) throughout dhe community has prompted people to fence coreir." positional relationships exist between

investigate the waymin hich Poiioa inonio ismn the entrance and each of tiese corners. Further, if a par.

agied. Whilst there are a number of methods fo tdi ticular administirative boundary (eg. an electoral bound-

and representing spatial informiatio, very few commercial aryi) is defined as being coincident with some other bound-

GIS ackaes chid theabiity o ~ary (eg. a Local Government Boundary), then a Positional
GISpacage inlud th ablit tosto an maagethe relatonship exists between these two boundaries.

relationship information that is used to collec or create

this data. The use of positional relationships to determine the posi-

The existence of these relationships has been recognised irsofeue nthralwldp-aesGSeco-

by a number of authors (Kierne and Duelter 1986. Corson- oea All coordinates are relative to some real world fea-

Rikert 1968 Driessen and Zwart 19e9, Hebblethiwaite ture, be it the monuments that form a survey control net-

1989).They have been referred to asassociativity (Hess work, or any other real world features. Traditionally,

1" 91. Wan 1993, laker and Paxton 1994), *relativity' positional! relationships have been used by cartographers

(Ha4iraftis and Jones 1991. O'Dempsey an ooha to position features on maps. However. once the position

I1991). graphical data dependencies' (Unkles I 92).Iverti- of a particular feature has been determined and that fes-

cal topology' (Ulackburn 1994,Leiono 1"95) an'oitoa ture placed on the map, the relationship infokrmation is

relaiorshis' Lemn 17). or hispapr, he erm discarded.The position of the feature is then only repre-

sented by a set of coordinates, which are implied on a
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paper map, or actually stored for a di"l map. The reea- 1995). It can therefore be safely assumed that the number

tionship information is therefore discarded. and diversity of positional relationships used by these or-

ganisations will be such that the results of the irvestiga-The removal of positional relationship information cre-

tion can be readily be applied to other areas of GIS. Theat a problem for the management of features in spatial

data sets chat undergo change. It is quite p e tha t actual dataset were determined by surveying local coun-

positions ofha fere s qurte maysiave bow do- cils about the creation, maintenance and application of their

termined using positional relationships with respect to spatial data (Lemon, I"5).

these moved features and that these relationships are still Secondly a systematic investigation into the positional re-

relevant and important to the spatial intet of the data- lationships between features in each of these data sets

base. However, because the positional relationship infor- was undertaken. In particular, this investigation studied

mation has been discarded it is very difficult to maintain which types of spatial features are related, how they are

the positional integrity of the various themes of data. related and why they are related.The results of this inves-

The problem of positional changes affecting the spatial in- tigation are described in Section 3.

tegrity of other related data sets has been recognised for The next step involved studying the different types of

a long time. However the only solutions developed seem positional changes that occur within spatial databases. It

to have concentrated on the method of maintaining spe- was necessary to look at, not only how and when these

cific relationships without attempting to define the nature changes occur, but also their affect upon positional rela-

of positional relationships or define the criteria for whether tionships. Section 4 details the results of this study.

positional relationships need to be maintained or not. Finally, using the results of these investigations. a set of

The purpose of this paper is to outline the results of an requirements and a rules base for the management of * @'
investigation into the nature of positional relationships and positional relationships were developed.These will be given

the role this nature plays in determining how the proc- in Section 5.

esses of positional change affect different relationships.

These results can be used to develop a system for the 3. The Nature of Positional

comprehensive management of positional relationships Relationships

within any GIS and therefore maintain the integrity of spa- The investigation into the types and use of positional rela- P
tial databases under the various scenarios where features tionships revealed that it was necessary and possible to

in a database have their coordinates changed. classify relationships in order to define criteria for main-

taining them. Firstly, it was found that in any relationship

2. The Process there may exist one or more base, or 'Master', features

The investigation involved a number of steps. Firstly, it was but only one related, or 'Slave' feature such that the posi- p
necessary to study the different types of spatial informa- don of a Slave feature is dependent. through the positional

tion being collected and used. In order to make the scope relationship. upon the position(s) of its Master feature(s).

of this assignment manageable, spatial data used in local Secondly, the many different forms of relationship were

government was investigated. This application area was analysed and categorised (eg. Bearing and Distance, Rela-

chosen as a number of studies have shown that the use of tive Position, Offset. etc.). Finally, two distinct categories

GIS technology within local governments is very wide- or class of relationship, based upon the purpose for which

spread (Craig 1994, Masser and Craglla 1995, Marr and the relationship exists, were identified.

Benwell 1996) and the data and data collection techniques

used by these organisations is extremely diverse (Lemon

L [IU1[ir
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3.1 The Place in a Positional This situaton occurs when ope feature is placed 'relative'

Relationship to some other feature.

Place in Positional Relationship Posional relationships can take a great many forms How-

Master slave evrafter thOrWoh analysis of data acqlutsiton techniques.
J a tet of fundamental forms that can be used to describe

It is convenient to defie the term dece in the positional

reiabwhio as being oth~er r w or awve. That is, a any posional relationship can be defined as in Table I.

feature can be a master feature (or base feature), from A nuimber of these forms cannot be used alone to deter-

which the positions of slave features are determined or. mine a unique position for a Slave feature. However. in

the position of a slave feature is determined with respect combination they can be used to describe most if not al

to a Master feature.The place ofa feature within a poitionl positional relationships. For example, a *bearing and dis-

relationship affec how a positionas change wil affect that tance' relationship can be described using a distance re-

feature. lationship and an angle to slave relationship.

3.2 The Form of a Positional 3.3 The Class of a Positional

Relationship. Relationship

In general. positional relationships are used to determine Another categorisation method is by the purpose for which

the positions of point and line features.They can be either the relationship exists. This method of categorisation is

specific measurements, such as a distance, or they can give defined here as the 'cls' of a relationship.

only a general indication of the position of a feature with- Two distinct classes of positional relationships are used.

out allowing for the calculation of an actual coordinate.

I . - the Slave point lies on a line which is a circle of known radius centred on one Master point;

2. Angde to Slave - the Slave point lies on a straight line which intersects, at a known angle, another straight line

between two Master points at one of these Master points;

3. - the Slave point lies on a line such that, at all times, the angle between two straight lines from

that point to two Master points remains constant; I

4. QifmeAig nt - the Slave point lies on a Master line at a known distance along that line from a Master

point;

. Point Offset - the Slave point lies on a line which is parallel to, and a known perpendicular distance, from a

Master line;

6. Intersetion - the Slave point is defined by one of the intersections of two Master lines;

7. Ul ,Oflfet - the Slave line is defined as being a line parallel, to and at a known perpendicular distance, from

a Master line;

8. Relative Pos - the Slave feature (point or line) is in a position relative to a Master feature (line or

polygon); and

9. -ld. the positions of features in the Slave data set lave been calculated using a mathematical model and

the information in one or more Master data sets.

"7bhLe I Positional Relationship Forms (Lemon 1997)
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They ame p- of defined relationships are associated with the many

I. a es ed ad whe t p ministrative boundaries used by the various levels of

of a f e at a partcuar tie, has bw determined us- government One boundary may be defined as being coin-

engwither meas sto other feat s or by beig cient with a particular base fature (eg. a road centrelmne).

placed relative to some other feature. 4. Positional Change in a Spatial

2. a Del wd Relatlowhlp where the position of Database.

one feature is defined for all time by its relationship to It is unwise and incorrect to assume that the position of a

another feature, spatial feature will remain unchanged for the life of a spa-

Class of Positional Relationship tial database. Positional Changes take a number of forms

0- Measured Defined and occur for a number of reasons. In each case however,

it is necessary to ensure that the database is a true repre-

The differences betwee these two classes, on the sur- sentation of the real world and in order to maintain the

face, appear quite small. However, the importance of this integrity of the spatial database it is necessary to make

method for categorising positional relationships is that a these changes within the GIS.

relationship's class is one of the major factors contribut- Analysis of the types of positional change that can occur

ing to how that relationship will be affected by a positional reveals that it is possible to categorse positional changes

change to a feature involved in the relationship.The effects in a spatial database into two types:

of the different types of positional change on different

classes of positional relationship will be discussed in the I. an update where the position of the feature has

folloving sectin. changed in the real world (see Masters 1988. Baker and

Paxton 1994). Such a ange will occur ga is. ismoved. O
In the case of a measured relationship. the relationship created or ceases to exist, in the real world. In each case,

only exists for the purpose of determining the position of in the spatial database
it is necessary to reflect this changeintesaaldabe

the Slave feature with respect to the M~astr features at
in order to maintain its currency. If this is not done the

the time of measurement. Driessen and Zwart (1989) re- ifmaton in the GIS will fail to represent reality.

fer to these features as being'statistically independent' as,

whilst they are related in the GIS, in the real world they 2. an upgrade where new information about the

are very much independent Examples of this relationship original position of the feature has been obtained (Mas-

class occur in the utility industry, where the position of ters 1968, Baker and Paxton 1994). In this case, the posi-

certain utilities is determined by measurements to some tion of the feature, in reality, has not changed at all. Rather,

base feature, usually the parcel boundaries. the set of coordinates used to represent the position of

the feature in the GIS has been replaced by a new set of

In the case of a defined relatonship, however, the purpos coordinates.This new information may have a number of

for the positional relationship is quite different. In these
sources and may, or may not, be more accurate than the

relationshIms the positon of the Sbmv feature in the real original information, depending upon its source.

world, is defined by its re*latiship to its Master future(s)

until thi definition is changed. At any time, in order to Type of Positional Change
know where the Slave feature is, it is necessary to know Update Upgrade i

the position of the Master feature. The features are re-
ferred to as being'stastically dependent' by Driessen and Both types of positional change occur in some spatial

Zwart (1969), as the position of the Slave feature is very databases regularly. In both cases the change will result in

much dependant upon the position of its Master Exam- a change to the positional representation of features within
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5h GIS. In Pu. any positional relationships an may hhe updat Mater is ts moved. t may them

exPsted between them features and oso features will be invalid.
af e t d i so m e w ay. It is t h e ef r im po rta nt; to unld er- Fo r featu res invo lved in defined r elatio n sh ips t h e re sult o f

s t a n d t h e d if fe r e n c e s b e t w e en t h e a ff e c t o f u p d a t e s a na n u d t o h e M s r l a u e s) w l b e e p d n t p n

upgrdeson osiiona reatinshps.exactly what happened to that feature in reality. In the

5. Positional Relationships and case where a Master feature is moved. it may actually be

Positional Changes. necessary to perform a similar move to the Slav e feature

as the relationship may still be valid. It is therefore neces-

5.1 Updating and Positional sary to ensure that the relationship is maintained.

Relationships For updates where the Master feature has ceased to exist.

ample updat hIn this ex- however, two possibilities exist. Firstly, the relationship may

ample, the Parcel boundary, to which the Water Main and become invalid and the related feature will continue to

the Building Line are related, is updated such that the dis- exist independent of any relationship Secondly, it may be
tance between the lines a-a' and b-b' is widened by 5m. necessary to define a new relationship for the position of

the Slave feature.
a a

In the example in Figure I, the Building Line is defined as

being offset 5.0m from the Parcel boundary. The update,

b5 has caused the parcel boundary to bemovedl.In order to

... ensure the spatial integrity of the GIS, it is necessary to

Buding L perform a similar move to the Building Line in order to

I maintain the offset requirement. I *
Figure I In the examples used so far, the updated feature has been
Betore the Update The parcel boundary (full line) is a Master feature. It is also necessary to look at the effects
the Master to which both the u'ater main (bold) and
the building line (dashed) have been relatcd The
water main is related to the parcel boundary by
measurements, uwhilst the position of the building line
is defined as being 5 Om offset from the parcel
boundary iiz
The effect of an update on a positional relationship is very ? ?

much dependant upon the class of that relationship. In the b ,

case of measured relationships the positions of the fea- .. . .. . . ..

tures involved are independent Hence, a change to one of

these features will not affect the positions of other fea-

tures. Therefore, after an update a measured positional

relationship is no longer valid. Figure 2
After the Updte. Due to the different relationship

Thus, in the example in Figure 1. the position of the water classes, the update to the parcel boundary has affected

main had originally been determined from two relation- the tuwo related features in different uways The
building line has also been updated in order to

ships to points on the parcel boundary.These are meas- maintain the 5 Om offset requirement. The water marin

ured positional relationships hence the update will have however, does not require updating as its relationship
to the parcel boundary :was used simply to determine

no effect upon the position of the Water Main.The result its original position
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upon a posional relationship In cases where the update pendent upon the position of the slave feature. Whilst, in

occurs to a Slave feature. Here, the effect of the update reality, this could be possible, for consistency it should not

will be the same as that for updated master features.That be allowed, as it contradicts the definition of a positional

is. the relationship will cease to exist Similarly. in cases relationship.

where an updated slave feature is involved in a defined

relationship. the positmnal relationship will also become 6. The Result

invalid, as the act of updating the feature implies that the There have been three possible solutions proposed for

definition of the position of that feature has been changed. maintaining relationships (Hebblethwaite 1989). They are

That is, the slave feature no longer exists or its position the Transformation method, the Database method and

has been redefined with respect to some other feature. OCiject-Orientation. Each of these techniques have been

discussed elsewhere and will not be discussed here (see
5.2 Upgrading and Positional Changes Wan 1993,Lemon 1995.Lemon 1997).The findins of this

An upgrade implies that new information about the posi- investigation into the affects of different forms of positional

tion of a feature has been obtained or, in some cases, cal- change on different positional relationships show that whilst

culated, despite the fact that the feature has not moved in the maintenance of a relationship may be required in some

reality. It can be seen that as the upgraded feature has not situations it will not be required in all situationsAlso, tech-

moved, any positional relationships (both defined and meas- niques that have been developed to maintain a specific

ured) that existed between it and other features are still "form" of relationship cannot possibly manage all positional

relevant.Thus, in order to ensure the positional integrity relationships in a GIS. It is therefore obvious that only the

of these related features, they should also be upgraded database and object-orientation techniques can be applied

such that the affected positional relationship is maintained, to fulfilling the requirements of a positional relationship

This result is quite different to that for updates. management system that will truly maintain the spatial in-

For both measured and defined relationships.an upgrade tegrity of a datah! -e .ider conditions of updating and

to a master feature will require the slave features to also upgrading. Thi. problem is discussed in more detail in

be upgraded using the form of the relationship. An up- Lemon (1997).

graded position for a slave feature implies that new infor- In order to manage the relationships between spatial data

mation about its original position has been determined, it is necessary to devcLop a method which is able to deter-

Thus, given that the positional relationship was only used mine the type of positional change that has occurred, the

to determine this original position, the new information class of the affected positional relations' ip and the place

overrides the relationship which becomes invalid, the affected feature holds in that relationship. Using this

The effect of an upgrade to a slave feature upon a defined information a set of rules based on the above findings can

relationship actually causes a conflict of information. In this be developed to determine the required action to take

case, given that the position of the slave feature was origi- with respect to other features in the affected relationship.

nally defined via a positional relationship form, theoreti- The effects of different types of positional change upon

tally, it should not be possible to determine new informa- different types of positional relationship are summarised

tion about the original position of that feature.Therefore, in Table 2.

an upgrade to the position of the slave feature does not A system for managing positional relationships must be S
imply that the definition was incorrect, rather it implies able to perform a number of functions.They are:

that the original position of the master feature was incor-
•Detect all positional changes and determine their cat-

rect. However, to enforce the relationship and reposition

the master feature would imply that its position was de- egory and type (update or upgrade).

I0 011 J d00 J0 [] 1 0 I00 I0 0 { I L] 11 i ['I Ii
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71" Of C101e Pe.fm Pkae Rlaonship Clas Afect on Poekltonl Relatio•fav lp

Update - Master Measured Rlationship becomes invalkid4

Moved Defined R~elationship may remain valid

Slave Measured Relationship becomes invalid.

Defined Relaioship becomes invalid

Update - Mase Measured Relationship becomes invalid.

Deleted Defined A new Relationship should be defined.

Slm Measured Relationship becomes invalid.

Defined Relationship becomes invalid.

Upgrade Master Measured Relationship remains valid.

Defined Relationship remains valid.

Slave Measured Relationship becomes invalid.

Defined Conflict of Positional Information.

User must decide.

Table 2 The Effect of Positional Changes on Positional Relationships

"* Identify any positional relationships affected by these 3 shows the action that should be taken for each case of a

changes. positional change occurring to features in a spatial data-

"" Determine the correct action to take with respect to base.

that relationship.

" Perform t 7. Conclusion

One of three possible'actions' can be taken when manag- The management of positional relationships in GIS is gain-

ing positional relationships.The relationship can be main- ing increasing recognition as being very important for the

tained, it can be extinguished. or a new relationship can be GIS industry.This is due to the following facts:

defined. However thee is one situation where a different
Much of the spatial data used by these organisations

action may be required.This occurs when an upgrade to a contains features which are closely related;
Slave feature has occurred as a direct result of its relation-

• The features in some of these data sets are undergo-shpto its M'aster featureS) having bein maintained. In

these cases the positional relationship remains valid and ing constant positional change;

the Master %d Slave fatures s d be in tr co Some of these changes are having the effect of degrad-

relative positions. Hence the necessary action is to 'do wing the spatial integrity of data sets containing features
which are related to these updated or upgraded fea-

nothing'.
tures;

The above case shows that an essential pert of determin- • If these relationships are not managed correcty, the

ing the required action, is the ability to determine the cur- spatial integrity of these data sets will, over time, be-

rent status of the features involved in the relationship.That come so severely degraded as to make them useless.

is, it is necessary to be able to determine whether thee Much of the previous work in this area seems to have

features are in their correct positions with respect to the concentrated on implementing methods to maintain the

relationship. In order to perform this function, it is neces- "form" of relationships without analysing in detail the prob-

sary to be able to reconstruct specific relationships.Table lem that needs to be solved.This study has therefore in-
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chainvs Place Clas EeL SaUV= Affct on ftdelatinship

Update.- Master Measured No49Apcohde Ex uingsh Reationshi.

Moved Defne n/a Maintain Relationship.

Slav Measured nia Extinguish Relationshipi

Defined n/o Extnguih Relationshop

Update - Master Measured n/a Extinguish Relationship. ___

Deleted Defined nia Extinguish Relationship and

Define New Relationship.

Slav Measured n/a Extinguish Relationship.

Defined n/a1 Extinguish Relationship.

Upgrade Master Measured n/a Maintain Relationship.

Defined n/a Maintain Relationship.

__ Slav Measured Correat Do Nothing

Incorrect Extinguish Relationship.

Defined Correct Do Nothing

Incorrect Conflict of Positional Information.

User must decide.

Ta2ble 3 The Action Required to Managc Positional Relationship_. The required action may be dependent upon the 4
type of positional change (change), the feature place, the relationship class (class) and the current status of the
relationship (ret. Status).

vestigated the nature of positional relationships and 8. Acknowledgemtents
positional change in spatial databases commonly used in David Lemon was supported by an Australian Postgradu-

loca emnen. Hoave. tese e5Iltsshoud b geer- ate Research Award (industry) for this work along with
ally applicable to any spatial databas.The many complex sponsorship from Genasysll. We gratefully acknowledge
relationships between features have been classified into the many contributions John Blackburn has made to this
simple categories that can be used to build a set of rules wr
for how and when to maintain relationships between fea-

tures in spatial databases.The Wimplementation of a positional 9. References
relationship managemrent systemn would require appropri- Bak~er A. ari Pato , 19"4. The Associatiit Prblm

ate positional relationship data to be stored at the featre inth dft) Eniinet Progres Report on the PI'ob-
leviel with othe spatial datia.Onoe this q"ui of data is stred Ien Sohfng Process, Proceedings: AURISA 94. Sydney
it will then be possible, using either a database approach, N.be19.p5-27

or object-oriented approach to determine the correct

actoio that should apply to positionalty related features in l111acid~smun J,. 1994, GENASYS Vertical TopaogyU. Genasys;

a database and malnatin the integrity of spatial databases. Technical Memorandum, Genasys 11 Pry. Ltd. Septem-
ber, 1994.

124 Proceedings of GeoComputation'97 &SIRC'97

A-S



CruaigW, 1994. The Raft Tide of GIS in Minnesota, The Lemoan D., 19"S. 14rical T~oiodo-An investiation into toe

ournal of the Urban and Regional Wo~trmation Systems Rtequiemnents of Local Government. Proceedings: Aurisa

Association. &(I), 75480. 95. Melbourne Australia. November 1995. p378-390.

Conson-Rikert J., 1933, Updating Muitiloyer vector Lemon M., 1997, The Nature and Management of

dahokawsSeminar- on Resources Plaring Management Positioinal Relationships in a Local Government Spatial
and Monitoring. IES Report 132, University of Database, PhD Thesis The University of Now South

Wlsconson-Madison. 147-159. WalesSubmitted:- May 1"97.

Drlessaen R. aind Zwaa't P. 1909. A Model for Represent- Harr J. and SewelN G. 1996, The Evolution of the Use of
IingCuJt" olarcels in a QS, Proceedings:URPIS 1 7. Perth, GIS in New Zeakind Local Governmenta The New Zea-
Australa p443-45 1. land Surveyor 286,30-35.

Hadlraffis A. and Jonies A., I1991. The Reconciliation of Masser 1. and Crasgil NM, I995. The Dfflihaon of GIS in

DCD8 Dependent Spatial Daow Sets w~it DCDB Lfigmdes, Local Government in Eumope, Proceedings: AURISA 95.

Proceedings: Symposium on Spatial DatabaseAccuracy. Melbourne.Australia Nov I1"S5.292-307.

Departmnent of Surveying and Land Information, The Masters E., 1984, Upgrading a D~iOW Graphic Database.
University of Melbourne. Melbourne. p95-112.PredigARIAU IS8

Hebblethwalte D., I M3. Concepts for Coping with a Shft O'Demrpsey T. and Moorhead C., I1"91. A Solution to
ing Cadostral Model. Australian Surveyor, 345), p46 the Problem of Reatmnr, Proceedings. OZRI 5, Queens-

493. land.Australia.
Hesse W, 1"I1, O*ct-onrieted Concepts for Land and Unkdes H., 1992. Owning the Solution Provides the Power,

Geographic Informiat-o Systems, 1.-mt f ebun ProceedingiAURlSA 92Z Gold Coast.Australia Novemn-
PhD Thesis. I 50pp ber 1992. p I S&163.

Kjemn DL wed Duel..r IL, 1986.Modebing Codastrall Span- Wan W., 19931. Managing Associotivity in Loand Information

tk Reainhp Usn nOjc-retdLnugPo Systems. University of Melbourne. MastersThesis. 9I1pp.
ceedings: Second International Symposium on Spatial

Data Handling. SeattleWashington. p 142-157.

Proceedings of GeoCoinpiitofnn '97 &SIRC'97 125

wf0

~;.;~¾>4-~ ,.. -"I.4



Sieeeemputatlen

Outside-In, Inside-Out: lTvo Methods of

Generating Spatial Certainty Maps
Kim E. Lowell

Centre de recherche en geomatique

Pay. Casault, Universite Laval

Ste-Foy, Quebec G1K 7P4

CANADA

(418) 656-7998
FAX: (418) 656-7411

Internet: Kim. Lowell4scg.ulaval.ca

Presented at the second annual conference of GeoComputation '97 & SIRC '97,
University of Otago, New Zealand, 26-29 August 1997

Abstract map class (e.g., Hall et , 1992 , Lowell, 1994). One way to

Problems with standard Boolean maps produced through produce such maps is to obtain a standard thematic map

subjective interpretation of a phenomenon (i.e.. forest or of the variable of interest and use available information

soils maps) are discussed and two alternatives based on and/or make assumptions about the magnitude and na-

spatial certainty are presented and discussed. One re- ture of the error inherent in the variable mapped. The

quires multiple interpretations of the phenomenon in or- information on the Boolean map may then be "perturbed"

der to construct a library of spatial uncertainties; such an stochastically to produce a fuzzy map of the variable un-

Uncertainty Library can be used subsequently to estimate der study (e.g, Fisher, 1992. Goodchild et a., 1992). In this

error across cartographic boundaries. The other requires process, it is often the case that one considers only the

interpreters/cartographers to identify only those map ele- cartographic type/value that was originally mapped at a

ments which are "100% certain:" A spatial interpolation given location rather than also considering additional spa-

algorithm is subsequently applied to this information to tial information that cartographers or others familiar with

"fill in the gaps" with certainty information for each map the variable mapped possess mentally. For example, one

type. Both methods have advantages and disadvantages might perturb the map type "Forest" using various assump-

relative to standard Boolean maps and also to each other. tions about the certainty of this type, but one might not

These are discussed in general terms and also through the consider whether or not a given "Forest" polygon is sur-

presentation of specific examples. It is concluded that rounded by "Lake" on one side or "Forest Scrub" on an-

though uncertainty-based cartographic representations other. Yet these two types as neighbors of a Forest poly-

provide more flexibility than do conventional Boolean maps, gon imply very different things about the certainty within

the construction of the former is not without its prob- a polygon labeled "Forest" Hence it would seem to be

lems either. useful to consider the characteristics ofa map type at vari-

ous places within a given polygon - eg., gdose to/far from

1. Introduction a boundary - and/or to consider this relative to an adja-
cent polygon of a given type -- e.g.,a Forest/Laice bound- i

In recent years, a number of researchers and practitioners

ary should be treated differently than a Forest/Forest Scrub
have become interested in maps showing spatial certainty/ boundary. This also sugests two valid, yet seemingly con-

uncertainty. These maps are often conceptualized as show- tradictory approaches to the development of certainty or

ing fuzzy membership values or probabilities for a given ,. mp
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In one, a single map and a"lbrary of uncertaintle" show- interpolation is usually used to assign a value to all gap$ two`

ing the certainty associated with a boundary of a given between points before the map is employed in any analy-

type are assumed to be avalable (Fig. I). Edwards and sil.) Ho r.insomedisciplinessuch asnatutrlrsources.6

Lowel (19%) hav demonstrated how such an Uncertainty a standard Boolean thematic map represet a consid-

Library may be developed from multiple c-torph• in- able loss of inormaton concerning spatial unc-rtWY For

t s of a given phenomenon. However. such a example. in she production of forst type maps for Que-t

process has some important liits for the work descried. bec (Ministry of Natural Resourcs. 15), aerial photo-

tiese will be discussed subsequently For the moment, graph ame interpreted subjectively by trained humani photo-

assume that an Uncertainty Library is available that is interpreters. The authors experience has shown that in

known to be applicable to a recently constructed Boolean interpreting a photograph. an interpreter works from a

- i.e.. conventional thematic - map for a given p om- "definit" object or area - eg., a lake, a clearcut - and

anon. The Uncertainty Library consists of the standard proceeds to less certain features. At various times the

deviation for the true location of a boundary One separat- photo-interpret places a boundary line because of I )the

ing any two types that may appear on the ma* Given this actual recognition of a definite boundary or dividing line

information, it would seem to be a relatively simple mat- (with types on either side not necessanly being known).

ter to construct a certainty map from the avaia Boolean 2)th necessity to separate two regions Of clearly differ-

map: one identifies the cartographic types on either side ent types for which the boundary location is not known

of the boundary and apMies the appropriate standard de- exactly, or 3)due to the recognition of an actual closed

viation. However.it will be demonstrated that the process poygon of a given cartographic type (Fig. 2). Note that m

is more complex than it appears here. the traditional method a photo-witerpeter does not al-

In the other approach, what is considered "a map" is radi- ways see closed polygons, but is forced to produce them

nonetheless. The result is a Boolean map for which one *caly diffret from a conetoa Boolean map. Genr- must try to infer certainty from a subjective knowledge of
ally, one considers a map to be a complete coverage of a

surface - one in which every location has a "value" rela- per men on showing o those
tive to the variable being mapped. (Note that even a col- pered to producerainterpretaton showin le to

lection of points may be viewed this way ultimately since

Figure 1. Example of map and associated Uncertainty Library. Library shows one
standard deviation for location. (Representation inspired by R. Aspinall,
pers. comm.)

Forest Map Uncertainty Library

Clear- Forest
cut Forest Scrub

Clear-
Clearcut cut

Forest Forest i
Forest

Clearcut Forest Scrub
S=crubI
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Figure 2. Traditional polygon map and alternative certainty-based interpretation. .
Regions and boundaries on certainty-based interpretation are "100%

certain" whereas polygons on the traditional map have variable and
unknown certainty.

Traditional Forest Map Internret-atdn

Clear- Forest
cut

Clearcut

ForesttQ

Clearcut Forest Clemarcut Forest
Scrub Scrub

deri"e a certainty map using spatial interpolation. In doing greater detail. This includes not just computational as-

so. instead of inferring uncertainty. one would have ex- pects regarding the two. but also user considerations in-

plicit information and there would presumably be more cluding data collection and organization.

consistence among interpretations. However, this proc-

ess is also not as stra rward as it would seem. 2. Method 1: Boundary-based Certainty

At this Juncture, the primary point being made is that, for Maps: Outside-In

the production of certainty maps, we have two possible 2.1 Data collection

alternatives to map perturbations and its accompanying If one is to use a single, conventional thematic map to

assumptions. However, these altrtiatves also arm subject generate a certainty-based map. knowledge about the as-

to certain dificulties and assumptions. Moreover,thle wo sociated error must be available a priori. In this paper, it is

would seem to be somewhat contradictory One employs assumed that the form of this knowledge is a standard

the boundary is basic unit and works towards the center deviation on the location of a boundary of a given type

of polygons. That is. the high certainty implicitly a (Fig. I). In effect, this means that one must fill a k-by-k

ated with polygon cores is derived fm matrix (in which k is the number of map classes) with a

polygon boundaries. In the second, it is conceivable that standard deviation or other measure of boundary uncer-

only polygon cores will be identified by a phirpreter tainty. Put another way, we need to know the locational

as being" 100% certain" Thus the low certainty at bounda- uncertainty of Forest/Clearcut boundaries, Forest/Forest

ries is derived from the high certainty at polygon cores. Scrub boundaries. and Clearut iForest Scrub boundaries

Are the two methods compatible? are the prob- (assuming k=3 in this case). One of the most straight-

lems assocated with each? Are dte any particular ben- forward ways to obtain this information is through multi-

efits of one over the othery pie inrettions of the same phenomenon. The method

The purpose of this paper is to respond to these and simi- to be described was developed and described by Aubert

lr questions and also to explore the two methods in (1995) and is presented schematically in Figure 3.
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Figure 3. Metod for obtaining Uncertainty Library from multiple interpretations.

IorpetatiOa ierpreltaon 2 Interpretation 3

Overlay of
Interpretations

Buffering Outlier

Eliminated
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Distance from LineT
Iaterp. Distance(m) 1
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2 12
3 14 Dab extracted
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To develop a library of spatial uncertaiintiaone srm with vides for the development of an Uncertainty Library.

multiple interprtatioas of the same phenomenon. As an Moreovr, it provides a rmans to tes if dter is a system-

overall go•a. it is desired to use these interpretation to atc bia interpretation. For emple. it might be the

develop a map of "truth" by overlaying the boundares. cae that in lookx for a ForestLale boundary on an aerial

identifying the mean location for each boundary. and sub- photograph. there is a consistent tendency to place the

sequenly quantifying the error around each of these mean separating libe towards/aw/y from the Forest This might

boundarie. Soe for the purposes of explanation, tlue be caused by shadows ad/or the interpret's eye con-

such interpretations are available (Fig. 3). The boundaries siatent being drawn towardcaway from water: andlor

of these are overlaid and a buffering operation around all facn. This also highlights another use of the methodol-

boundaries is performed. In doing so, the size of the buN r oY developed - one can test the nature of the distribu-

selected will strongly affect the results. This is because all ton of the error across the mean locabtoi. This was done

line within the buffen distance of each other will be in the original study (Aubert. 1995); there was no evidence

bundled together and considered to represent the same to relect the null hypothesis of the error across the mean

"true" line. "Too large" a buffer will cause more than three line location be"n distributed according to a Gaussian dis-

lines to be bundled into one boundary - something that tribution.

is clearly impossible if one has only three interpretations; Knowing that the information sought - ie., a fully popu-

a buffer that is"too small" will cause relatively few bounda- l U Uiwary - can be obtained. attenion
ries to be bundled toete Once the buffer size has been turns to its use. It is assumed here that the Uncertainty
selected and the buffering operation performed, the outer Library has been compiled in such a manner as to be ro-
liniits of each buffer are retained and oudlers removed bust enough to be used for an area for which an uncer-
manually. Note that this requires a subjective judgment .inty map is to be developed. A single Boolean map is

on which lines are outliers (middle of Fig. 3) and some- produced from a single photo-interpretation of the area.

times causes less than n interpretations to define a line. A and one may now ask qutions such as'V::w all t ar-

reverse buffering operation is then performed to identify eas which have a probability p of beingType A." For exam-

the mean location - assumed to be the "true" line l - ple, asking for the 50% confidence interval for all map types
tion -- for each boundary. This mean/true boundary loca- will produce the Bool•an map itself since. effectively, each
tion is then overlaid on the original interpretations and a boundary represents the point at which there is a 50-50 I
series of sample bars placed Wong the mean line. The bars chance of being the type on either side of the boundary.

are the size of the original buffer and are placed at se- Similarly, one may want the 95% confidence interval on
lected intervals aln the mean location; these sample bars Clearcuum A Gaussian distribution can be generated around
are placed perpendicular to the mean/ltrue line and are all Clearcut boundaries using the Uncertainty Library and

spaced far enough apart to avoid the effects of spatial the point at which 95% of the region is outside this identi-

autocorrelation. The distance each line on an original in- fled (Fig. 4). Note. however, that doing so will produce
fled (Fig. 4).rNotehhoweve, thatldoingfso will produc

terpretation is from the mean/e lie for each sample discontinuities at places where more than two boundaries

bar is determined and the mean and standard deviation of meet. Furthermore, there is no guarantee that the confi-

these calculated. These are then summarized by boundary dence intervals for all types for a given location will sum
typ~e -- i.e.. all the Forest/Lake boundaries summarized to 1.0. That is, if I have a place that is located exactly at the
together regardless of their location on the map. 95% confidence level forType Athis means that there is a

5% probability that this location is actually some other
2.2 Tfeatnent and use of information map type. Yet N I ask for the 95% confidence interval for

The method described provides an estimate of the error Type Bit is possible that the same location will be located

associated with each type of map boundary line and pro-
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Figure 4. Boolean map and 95% certainty map. Gray zones are less than 95%
certain of being any given type.

Boolean Map 95% Certainty Map

Clearcut Clearcut

Forest Forest

Clearcut Forest Clearcut Forest
Scrub Scrub

within the area for Type B (Fig. Sa). Moreover, in the case this may be because they cause problems for the method-

of a Softwood/Hardwood boundary for a given Softwood ology and not because they are truly statistical outliers.

polygon, the uncertainty would (presumably) be small The net result of all of these factors is that the values in

meaning that the 95% confidence interval would be rela- the Uncertainty Library are likely to be underestimates of

tively close to the boundary on the dthmatic map. How- the actual spatial uncertinties associated with a given

ever, a Softwood/Mixed boundary for the same polygon boundary line. Finally, this method must make the assump-

would have much less certainty (presumably) meaning that tion of a Gaussian distribution across a line. While there is *
there is a discontinuity even for the same polygon bound- evidence to support this assumption for the synthetic im-

ary (Fig. Sb). It is even possible that. if uncertainties are ages on which the method was originally developed, there

large enough for certain types, the very existence of a has not been exhaustive testing of this under a wide vari-

polygon in a given place is questionable (Fig Sc). ety of cartographic conditions.

There are other problems with this approach which are

inherent in the way that the Uncertainty Library is deel- 3. Method 2: *Polygon core!-based

oped. Of critical importance in this construction process Certainty Maps: Inside-Out

is the size of the buffer zone selected for use. Not only 3.1 Data collection

does this affect which lines from the original interpreta- Traditionally, photo-interpretation is conducted by identi-

tions will be bundled as representing the same "true" line. fying boundaries of homgeneous areas with the consraint

but it also affects the maximum uncertainty that will be that the boundaries form closd polygons over the entre

found in the Uncertainty Library. For example, if the bufFer Each polygon is then labeled with its appropriatemap.Eahoyonithnaeedwt taporae

zone selected is 20 m with three iterpretations, th the cartographic appellation. In the proposed certainty-based

maximum uncertainty will be 40 m - i.e., three lines spaced photo-interprettion, it is only required that interpreters

equidistant at 20 m which will be bundled together. Moreo- identify thos feture which are 00% sure:" It is not
idetif thoses thetu whic ar m) 100% sure 'l b Ite ise no-

ver because the 20 m may not be applicable over the en- necessary that these form closed polygons Theoretically.

tire length of a line, one must decide subjectively when these features can be one of three elements (Fig. 6). First,

somethin is to be considered an outlier (Fig. 3). By deli- one may have an actual, definite polygon. In forestry, such
nition, certain lines will be assessed as oudtlers even though

U ý I { I II H[ ] 'dHU I I U i
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Figure Sa. A situation in which the 95% certainty of one boundary is completely within the 95%k
certainty of another.

Traditional Forest Map Uncertainty Library 9%Certainty map
HW SW Mixed

HW

SW~

Hardwood Mixed MieI

Hardwood/Soft-
wood b~ounadary

soft-d Softwoo/Mixe4

Figure 5b. A situation in which the boundary of a single feature has discontinuities.

Traditional Forest Map Uncertainty Library _______

HW SW Mixed Discon-

Mixed HW tinuity\

SW

sf-MixedI
w

Hardwood/Soft- *
wood boundary

Hardwood

'ow ~Softwood/Mixed
L 4 -Jboundary

Figure Sc. A situLaon in which the magnitude of the uncertainty calls into question the existence
of a polygon.

Traditional Forest Map Uncertainty Library 9%Certainty Map
HW SW Mixed

HW
Hardwood Hardwood
forest SW forest

MixedI

Softwood Mixed forest
&fo~rest Softwood

forest

elements are most likely to be lake or clearcuts, or power be a given type; what is on the outside of the line delimit-

line right-of-ways, etc. - i.e., distinct elements with deft- ing the polygon is not necessarily identifid. The second

nite boundaries doat truly are polygons. Note that with type of feature possible is a line for which the cartographic

such objects, only the interior of the polygon is known to type on both sides of the lin, is labeled, but the Inter-
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Figure 6. Certainty-based photo-interpretation and polygonal map resulting from spatial

interpolation and maximum likelihood classification.

Photonterpretation of
"100% certin" elements Resulting polygonal map

Twain

Sc ,- Forest Forest

Polygon Laeak

Region

preter is not obliged to form a clo)sec polygon with the acts as an impermeable membrane that prevents one type

line. This type of feature is referred to as a "twain" herein. from "bleeding" into the other. Finally, in the case of a

The third and final element possible is a region or point of region -- i.e., a polygon core -- the boundaries of the

a known cartogrphic type whose boundaries are not ex- region remain to be dened, but that core is a set of" 100%

act; instead it is the core of the polygon that is recogniz- certain" points for the map type labeled. Note that this

able and identifiable with" 100% certainty' Note that the way of looking at the data as a series of points labeled 100

resulting "map" has virtually no use for human interpreta- also implies an equally valid inversion of the data. That is, if

tion because of humans being accustomed to closed poly- a set of points are'* 100% certain" to be Forest. then they

gon maps. It is critical that this information be treated or are also "0% certain" to be Lake and/or Clearcut, and/or

post-processed subsequently in order to render it useful any other map type. Thus if one wants to produce a cer-

for human interpretation. tainty map for Forest, one need only label all Forest points

"100" and all others '"0 and conduct a spatial interpola-

3.2 Tlreatment and use of information tion.

Treating this information requires a thorough understand- If this is done for all map types individually, one obtains a

ing of the nature of the data. Effectively, a certainty-based certainty surface for each type which may be treated very

map has a series of points labeled* "100" (% certain of be- timilarly as the certainty map produced from multiple com-

ing a given type). In the case of a closed polygon on such pansons. For example, to produce a polygon map that

a map, the interior and the bounding line are known to be, identifies map type boundaries, one may do a maximum

"without doubt,' the cartographic type labeled. A twain is likelihood classification: assign each point to the class for

two sets of points side-by-side which is known to hav which its certainty is the largest. Note that the bounda-

one type "on the left" and a different type "on the right." ries so identified will effectively be the"50% line" between

Thus one has a set of" 100% certain" points for one map two classes, or the "33% line" among three classes, etc.

type abutting a set of" 100% certain" points for another One may also ask more specific questions of the certainty

map type arranged linearly. In effect, therefore, a twain surfaces than just polygon boundaries. For example, one

Ii L II H L H L d I L LI i d LI H LfLLI l Ii LVI A
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may sl - as before - for the map shiowi % cer- the boundary.

minaty or al e t l a p Another more subde problem is in the nature of the data. 0
del pro'em. h In the example presented (Fig. 6), the data "made sense"

In perfom e of u t in tand could be understood without the use of a computer.

nor dacribed. it must be assumed that the for m Howevewr, it is easy to ima"ne a situation in which the data

dimbuton of certainty from one 100% certaM egleflnt do o s (Fig 7). am a a non-

o a i a-t ott btr. intelligent algorithm will be applied to these data. a resuls

The reason for this imposed linearity involves the interpo- surface will be produced even though it may be nonsensi-
cal. Note that the problem is not with the aloitm em-

lation method that is requred. Normally when one inter-

polates spatially one has a single variable or set of values ployed no interpolation algorithm is capable of understand-

- e.g.. points of known elevation. However.in the present ing that certain data will not produce "meaningful" poly-

case one has a set of values for Lake, a set of values for gons. The problem is simply that the data make no sense

Forest, etc. When the interpolation is conducted, not only relative to the way in which human beigs interpret the
world -'- somnething that is related to the desire to have

is a certainty value needed for each type at every location,

but the certainty values for a given location must sum to homogeneous polygons - whereas tht interpolation al-

100. Thus we interpolate in a seemingly typical fashion, gorithm is certainly capable of using the data. In fact, en-

but with an added constraint. The only method for doing suring a surface that "makes sense" is one of the reasons

this known to the author is area-stealing interpolation that conventional methods have been employed - there

(Gold 1989) - a variant of natural neighbor interpolation, is always an internal check on the consistency of polygons.

With this method, one effectively determines the certainty This is not the case with certainty-based interpretations

value for a given type by assessing geometrically the influ- which may cause problems for unwary users. I 0
ence of all neighboring" 100% certainty" points and their

associated types. (For more detail see Lowell (1994).) 4. Synthesis and Conclusions

Because one is not literally interpolating across a bound- Two methods have been presented for producing certainty

ary, one cannot change the form of the distribution across surfaces from data derived from subjective human inter-

II
Figure 7. Map showing areas which are "95% certain" (gray area is less than this for all

types) and a certainty-based interpretation that would produce a nonsense
polygonal map.

95% Certainty Map

Forest
Scrub 7~ak

Forest

Scrub

Forest
Scrub JForest
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be to phnmn fo whc th routinprcssiz 2aiexsin ooenmaps, Howeve, it remains that. just

One method reý w the boundaries identified by an in- basgood as the assumptions and data used to construct

divduLW and a librar ofucttwm It also ino ssm them.

sukijecovity in that in producing the Uncertainty Library,. ilogah
the size of a bufrempoe durin one operatiBib.ographl

as the determination of which interrettions orpotin Aubert, E. (1995) Quantification of the spatial uncer-

of interpretations are outhoers, are subjective diecisions tha tainty inherent in photo-interpretations using a GIS for

will vary from one indivdual to anothe. It also ha h temporal monitoring of forest stands. Unpuiblished

drawback that it makes an assumption about th fomo M.St. thesis. Universitt Laval (in French). 92 pp.

the distribut;..i of the error across a boundary once the EdwarJa, G., Lowell.K. (1 "6) Modeling incertainty in
Uncertainty Library is available. Furthermore, there are photo-interpreted boundaries. Pfiolorommetric Engi-

discontinuities in the nature of error at places at which neening and Remote Sensing 62:337-39 1.
three or more polygons join. And finally, it requires multi- FihrP.(1")istepimnsn eweduc-
ple interpretations of a phenomenon and/or the availabil- Fihr, . (simu)aFirst ef prientyi viewsheds uncgam etricE-
ity of a pre-existing Uncertainty Library. gmainty siuatng fumoty Seiesi eds 58:t345 me3c52n

The nither method relies on data showing only those fea- o C.(18)SraeitpltonsW djccy
tures which are 100% certain on a single interpretation adGS nTredmninlpiain nGorpia
and an interpolation algorithm. This method, though less IfrainSse.Eie yJR ae.Tyo n
subjective, also has inhereti,. limitations and drawbacks. Fracs Losdem. Edte. b 21R3. Rae.ayoan
Simply the manner in which photographs must be inter-

preted is a drawback. Photo-interpreters are currently Goodchlid, M., Guoqing. S., ShirenY. ( 19"2) Deviol-

trained to identify closed polygons over an entire surface. opment and test of an error model for categorical data.

Suddenly asking them to change their method of inter- InteinationalJournol of Geographical Infoirmation Systemns

preting from "Identify closed polygons" to "Identify only 6:87-104.

those map eletments that are 100% certain" is sure to cause Hall, G.B., Wang, F.. Subaryono, G. (1992) Compart-
a certain amount of discomfort and misunderstanding ini- soofB lenaduzycsiiatnmthsinad
tially. This method also suffers from the impossibility of suitability analysis by using geographical information
defining a particular frequency distribution for error as sytm.Eviumna nningA 24:497-516.
one moves from one " 100% certain" element to another.

Although relatively little work has been done on deter- Lo wellIL ( 1994) A fuzzy surface cartographic represen-

mining the true form of error distributions across map~ tation for forestry based onVoronoi diagram area steal-

boundaries, it is certainly conceivable that this is not linear ing. Canadlian ournal of forest Research 24.1970- 1980.

as must be supposed herein. Finally, this method can and Min&"r of Natura Resources (I9"S) Nomie de stiati-
will produce polygon surfaces from data even if the basic ftto &o des oue. &s#e pnsgrarnme de connaissonce
data are essentially nonsensical. de ia ressource forestiere. Minist~re de Ressources

Despite these drawbacks for either method, the concept naturelles du Quebec. Service des inventaires forestiers.

of developing certainty'based maps for interpreted phe- 116 pp.

nomenon is sound. Regardless of the method of constric-
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Abstract formative reports which are likely to be ,ed by a wide

The World Wide Web and the Internet have great poten- variety of Web information providers.

tial in improving accessibility to spatial data and to spatial In this paper, we consider two themes in the use of the

data processing services. We explore these themes by Internet by the SIS community. The first is extended use

reference to two pilot systems. The ACT Riot system of the Web for distribution of spatial data, particularly to

assessed the feasibility of transferring data in vector form, allow the richer set of interactions with spatial data ex-

to facilitate a wider range of modes of interaction than pected in conventional GIS but not readily possible with

possible with delivery of data products as images. The the standard Web tools. The second is access, using the

SMART (Spatial Marketplace) Project is assessing the tech- Internet, to specialist spatial data processing services.

nical feasibility of Spatial Internet Marketplaces, in which

applications are built from data and processing services There are already many impressiveWeb sites offering spa-

offered by providers. tial data products. These first-wave combinations of SIS

technology and the Web deliver spatial data as hypermedia

1. Introduction documents.This approach is relatively simple technically.

The WorldWideWeb (theWeb) has become an immensely At the server, an image (in GIF format) is generated,either

valuable information resource. It is a compelling example by generating a vector map and converting to an image or

of the synergy that can exist between new technology and by extraction from a database of maps held as

the new applications enabled. The appeal of theWeb stems georeferenced images. At the browser, the image can be

from the combination of the near-global reach of the viewed using the standard tools for displaying images. Spe-

Internet, the ease of publication of information, and the cialist SIS tools ar needed only on the server. This strat-

simplicity of access by users to that information. Not sur- egy is effective for the many applications requiring only

standardised products. It is less effective when there is apnrisngly, there is high interest from Spatial Informnation

need for interaction with the spatial data or for exten-Systems (SIS) researchers, practitioners and vendors in

exploiting the Web. The primary exploitation to date has sively-customised displays. For example, it is not readily

been to distribute, widely and conveniently, spatial data possible to turn layers on and off, or to click on a feature
to obtain further information. These operations can of

products. For example, a council might use an Intranet to
course be accommodated by using clickable images to

dsribut cadastral maps to its policy and operational units,

without having to equip them with specialist software. At launch a new request to the server for a new document

It is attractive, then, to consider more sophisticated ap-another level, map-like visualisations are compact and in-
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proaces wich ffera Hd setof Iteracionsand os- ore imitd loac ialities. The question. chwn. ishote

sibly lower daaconviiunications costs. Weexplore soe Internet mih eused to eamble access to such services.

approaches to this issue i Section 2 through analysis of In Section 3. we present the concept of a Spatial Internet

the design and performance of a system for Web distaibu- Marketplace, essentially an infrastructure for the publics-

tion of cadastral and other dansparticularly hi linkin prop. tion of processing and data services. An archiectural model

erty maps with such aspatial data as owniership, sales and is offered and is demonistrated by a sinmple application for

valuation Information. Itinerary planning. In Section 4. we consider the more

It is also of interest to consider how the Internet might be genieral iicaions of the new or modified application of

used to allow an application to draw on remote process Spatial Iniformation System technoilogy enabled by theVVeb

ing services. For example, a geographicall-dispersed or- said the Internet.

ganisation might prefer to mount spectelised software on

a high-performance computer for we from. al t ks Distribution of Spatial Data

avoiding the costs of installation and maintenance at all

sites. In other cases, the motivation is to access spcals 2.1 System Architectures

software and hardware which is used too Infrequently to iheWeb is essentially a client-server environment specifi.

justify purchase. In Earth Observation, for example, many cally designed assa distributed hypermedia Information sys-

operations require extensive processing a&W some app~l- tem. The standards for interfaces between clients and serv-

cations call for rapid generation of products. An analyst er In the Web are relativel light~and permitsa larue number

tasked with estimating whea prodiuction mnight prefer to of approaches. A useful first-level categorisation of the

use Hlgh-Performance Computing facilities at a remote approaches is in terms of the assignment of functions be-

site for geometric correction and enhancement rather than tween the client and the server. The extremes are then

Simple Map -Thin Clients 10 Distributed
interaction Fat Clients GIS

Browser Brwer

Figure 1 Assignment of Fuinctions in Dwistbuted Systems
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the 'thin-client, fat-server' and the 'fat-client, thin- dons on spatial dat. Importan4tly they allow use in Velb
server',whereby'thin' implies a minimal amount ofinstalled environments of data types beyond the mainstream

software and at' implies a relatively large amount of in- hyperimedia types. For spatial data, this allows use of data

stalled sokware needed to perform the task Figure I itlus- in vector representatons. This, of course, requires defini-

trates some possible assignmeints for spta applications. tion of file transfer formats for the spatial data. For some

The simplest aproach is the thn- The client system representative examples of plug-ins, see http:II

is the Web browser (Netscape or similar), so that ther www sowurce.Com/ and httpJ/ wwwm •ide~comi/. For

are no unusual demands on the hardware or softwre i- applets. see httpJ/maps.purple.orgimap/ldex.html and

stalled by the user. To conform with the types of http'J/wwwxosoftcomn---rg:iava/Cartog/Cartog~haTl.

hypermedia documents accepted by the browser, the spa- An applications configuration now possible is that the

tial information is delivered as a GIF knag. Wher the server is quite thin and the applications functions and data

dam product has fixed content (i.e. a pre-specifled collec- manipulation is handed over to the client. If the manipula-

tion of layers) and requests need speci, only the ge- don of the data is performed by the client, the server can

graphic region of interest. the inage for the whole region be implemented using a Commercial-off-teShelf spatial

can be pre-materialised and stored in a database or a na- database engine with a wrapper to provide HTTP connec-

tive file system (e4g Lamb. 1994) as a set of tiles. Retrieval dons, to interpret requests from clients, and to load the

for a specified region then extracts the dties intersecting retrieved data into the required file format. This is at the

the region, assembling then into an imageand dipping the expense of the memory needed for the applets or plug-

image. Where the content varies, the imaee can be gener- ins at the client. Where an applet is used, interpretative

ated by extracting from a database the features of interest execution can also have a performance penalty, especially

and generating the image on-the-fly. Some representative when manipulating or drawing large volumes of data.

sites following this approach are http:/I To determine the feasibility and effectiveness of a fuller

pubweb-parc.xeo.com/map. httpil/w/--nmd.usgsgov/ set of facilities for viewing and manipulating spatial data in

index.hanl,-)-and http'/Jwww.erin.govau/dataubse/db.html. Web environmens, CSIRO Mathematical and Information

Extending the operations provided by the browser (and Sciences (CMIS) has conducted two pilot projects. Both

so providing a richer set of interactions with the data once sought to explore the technical issues in implementation

delivered to the client) clearly requires a 'thicker' client and to test the value of solutions by adopting'real world'

The two more common approaches used to enhance the problems.

capabilities of the browser are plug-ins and applets. A

plug-in is essentially an application, able to be launched by The ACT Pilot

the browser, which accepts data of a known type and rep- TheACT Pilot Project. undearalcen collaboratively with the

resentation and provides the specialist viewing and data ACT (Australian Capital Territory) Land Information Cen-

manipulation operations for that type and representation. tre, assessed Internet access to the core government ca-

The plugin is installed prior to its use. An applet. on the dastrl and related databases. These daa sets are inpor-

other hand, is a program delivered by the server along tant as they are referred in a great many administrative,

with the data. Applets are coded in the Java language and planning and operational processes. Internet access is also

are executed Interpretively (or compiled "Just In Time" potentially attractive as an alternative to delivery of the

after they are downloaded).Applets also have the advan- information to industry and the community in hard-copy

utp of being machine independent compared with plugins form. Technically, the project assessed the feasibility of

that are built for specific platforms only. Both approaches delivering the data in vector form, providing zoom and

allow the development of tools for a wide range of opera-
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Streuette 37 am7.62

Area 1338 144SS 91.1 32.2

Suburb 6110 S2492 332.7 36

Thble I Content of the Four 7kst Queries

pan. switching layers on and off. and clicking on features to primary spatial query Ainctions provde by the server wr
provide further information. retrieval of objects within a region a (block) specified as a

The databases included the Digital Cadastral Database 20-metre square centred on a block identified by its sre

(DCB) or he CT:ownership. valuation and saes his, address, within a similar region (a block) of 200 metres

tory for land parcels. navigational features such as rod sidelength. within the minimum bounding rectangle of a

and watercourses; and some other sets such as launak street, and a suburb (identified by name). Data was deliv-

and footprints of certain dlasses of buildings. Sumr ered to the client in the Autodesk Drawing 'ý4b DWF

characerstics of the majo databases are shown as Table Format (see http./tvwwwautodeskcomipnroducu). The basic

1. The databases were installed from the ACT's ACTMAP drawing functions (including zoom and pan) were per-

an KLM databae m pta Dat Maae (SD)$M) (Abl formed by an applet iniplemenered in Java. Additional GUI

19969) and ORACLE. The major data sets were roads functions specific to the application were implemented

(37398 objects, average of 8.3 vertices), contours (580063, using the Netscape Internet Foundation Classes (IFC) class

30.7). building footprints (37253.,8.9). land parcels (1058 13. library. Point-and-click queries were handled by tailgng

6.3) and annotations (321617,4.0). each feature with its identile and passing back to the
server a query on the database wsing that Identifier~ figure

The broad design of the system is shown as Figure 2. The 3 shw a sample screen.

Wetb BraWM 
pge

D is Ap la ylD a i gh d t s e

Figre Otlie cheatc o AT PloDSfte
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QuerY T)pe Dana Extract DWF Load Network Tranemn Applet Draw

Block 0.62 1.00 0.03 0.134

Streelt 3.43 3.16 0.13 0.61

Area 7.39 6.91 0.14 1

Suburb 6.19 30.69 0.99 6.25

Table 2 Breakdown of Costs

The investlption confirmed that the requird operaion CYAr filseand the size Of the corresponding GIF files to
could be implemented and that the operations in the enrethsaedplsaesoninaWl 1. The break-

browser (once the DWF fie was received) were genu- down in the elapsed times for the steps in generatin the

90elY interacive- with Performance very similar to that for vector display, with an Ethernet LAN of 10 Mbs~are shown

a conventional GMS after some care in the java coding to in Table 2. (Note that these figures indicate that the LAN

"aminse the graphics display Performance The hardware was operating at an eflectiv 2.7 Mbis to 5 Mbis.)

flguatio was a SUIN SIM0 as the server and a 200
I'lla Pntlm P -dr Wndow NT4.0as he hem For these queries the DWF formait has a distinct sine dis-

with Netscape 3.0. The network was Ethernet rated at 10 d tgwhcwo nwihow aacnetTe

Mbids.DWF file size increases, almost lineairly, with the number
of vertices while the GIF file is relatively insensitive to con-

VvII report some Performncei data in terms of four rep. tent. For an Intrant environment with a LAN. this size

resenative queries. SummarY character'istics, thie size of disadvatage is relatvel unimportant it translate to a

TPWi~i

Figure 3 SaMPle &cren from ACT Ailot
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network tranamlealion cost penaky, ot 0.l16 seconds to a97 providsrr' solkware. and return doe outputs to the cus-

secondis. For an Interne dialup connection rated at 268. tomer.

diepeimityinvumrAslon corn becomes 'l slica Some vented for deiintechnologies a Bhrvatal1"5

condtios sK& t th dae usd sWK autin i drw- ouldhe pub als, onI6) a h fe-fr-servi basisvanticnal tand

opoison ofth tchnoog byCustomers woud sinilu dentiTh sout-
uatalbu ndresad fratvours m GIF abl case-o ekan hoe i etsevc o

The readownof ie eapsd ie fr dibak opra- of servicaes waom seveal sevie Thmer ofveralle popieratono
donts. Thoeeprttp shosdate totalr cotheare ds omnatedwbulde mrepulace .antra ff prosvicerbsie. sopalytica- n
dmIie serer-rsients anopieatos.d for sizes oftenvrn don oftmsai services. di chares levied, ad so onswuldtb
mienu. Thedrii~aw thims.o diespl asinluera dlsrpl aregenu drve a bye markies forcets. rand y ahos mhbark servlace woul

The interackdow. ofthe resaposed tmes for die bsireeerandcn-tofanme of services prmsvrlsrovicedTersa numerato of cs

area. houeeriehos aperthin diea cotims needeforinopera- tomerad manketlnce-stheuctsre of proiersthies sof avibeserv-

tihna userve Thesi bunt queryins for the VA pooyenvimpl- ticend af ertaines shet ofage s evind .ands s nwudb

mney nteado e. is e m rgeal sp ornse wimsfrthe street anet- g fanubro evcepoies nme fc

menttio. i magina. een or se wth ANIAN et- More recently it has been proposed dhat Spatial Internet
works. It is pr'obable tha furdher developtment would cut Maretplaces (SIM's) are potentially attractive to the SIS 4
die coats s~fi~icandy. In general. the IYNF file emerges as cmuiy(blI",bla l1") h ocp e
die design choice most deserving reconsideration. It ap.- main close to that of the electronic marketplace. In addi-
peers quite Iikely that investigation of transmission for- to opoesn evc rvdr feigseii as
"ama designed specifically for spta Internet applications; bm.'am myda~bo ndotmsgo
will fiW formats which are smaller aid less exenivefS to services. there would also be data providers. A customer

encode.could then buy data from one provider and routie it to

3. patal nte et arktplcesother providers for processing, rece"n only die prod-
3. Satia Intrne Maretplcesucts required. To assist in finding desired data and process-

Clearly a diem could accept datm In a DF form (for ex- ing services and in developing a sequence (a plan) of serv-

ample) and use it freely as input for local processing; A ice Invocations. facilitator services would be wag"lal.
supermarket chain, for example. might download demo-b

graphic data for the reglons around its outlets. sand use 3.2 IThe SMARI' Arhitectural Model for a
that date together with its private sale data for outlets to Sim
compare die performances of the outlets. That isdtheWeb The SMART (Spatial Marketplace) Project at CMl is aimed
can readily support the publication of data services in ad- at establishing an architectural model for a SIM infrastruc-
ditlon to data product services. A further extension is to tur an tepoigth mlnitt of th oe
consider the pulication of pocessing services. Ielen a through development of a series of pilot systems The
service provider would accept from a client an input date project is p.~artcualy aimed at ideiitil~yin forms of infra-
set aid specifications of the processing to be performed, structures which provide a balance between esse of use
perform the processing at the provider's site using die for customers (by controlling the degree of variation be-
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1we providers) aid te costs of participation am a pro- the targe list spedOIlcatOn. The co n specicaon

vide. We so t dddnlticn of a ighltwl set of samd- essentially declaes the metao objects of ibnarst and the

art as crucial. r list the atributs of timee oblects to be reported

A s~rignicant design decision has been wo restrict t 6 to de custome. Exaumples of AL sauenas an a query

service and a function service (respectively) ae:
action betwoe a customer and a provider to be coarse-

grained (equlvalenystateless). That istdie cintomer nmakes suburbrnsme = 'Dickson'. motel~location

a request to a providernotiona•ly as a single messge.iwho wldhinsuburblocadon,

then delivers the result t the custome, aain ntionally motelra. = W0" # moel.adress. moitelnmisn

as a sinl message. Any further requests by die cus- stacits=(SC 2000,13000).discharge= 53.2.

tomer to die provider is treated. * as spat r.e- time =( ,... 100) # stadtplumie .

quests. Thuis Is n contrast to fine-grained sineraction.wliere

the customer establishes a connection (or session) with a The SHART Infuctur includes a special query serv-

provider passes requests receives data from a request in ice. the Reclisty, and two special types of function serv-

possibly several messages. and closes the connection when ices. Plenners and tmcutors. There is a single Registry

no more requests ae anticipated which has a role doly similar to that o an Object Man-

agement Group Trader It stores tde external scliemas of
The SMART architectural model has two types of serv- all other services and of iself (describing the precise data

ices. A query soev provides retrieval from a store of and operatons aaibble to customers), a type registry of

pre-matenaised data. A query service would typically data types and operations, a thesaurus of terms wailable

implemented using a databas system. It is defined in terms to describe entities, attributes and types. and a glossary

of its schema (the descriptions of the sets of entities and documening te t The Inormation hold in the Rg-

their atorbutes) and the functions and operators able to istry can be queried by invoking the Registry's own query

be included in predicates. A faction servce derives service A mandator requirement for parocoion in the

data from a data set supplied by the customer, possibly by SMART marketplace is that provilers regisr their srv-

reference to further data and information held by the pro- ices by provding (and having accepted) descriptos of their

wider. For exanple, a function service to convertAustral-

ian dollars to New Iealand dolars might refer to a con-

version rat for diflering amounts to be convereed held by An Executcr accepts a Plan (a sequenced set of requests

the service. A function is described by a schema which on services, together with some conditional and other

gives the permissil combinations of wput da the out- statements) and executes it on behalf of the customer. A

puts which can be generatedand the domain of appicabd- Pn, in its simplest form, is a Java program and an Execu-

ity of the function service (Le. the presented problems tor a Java interpreter A Plan can be developed meunally

which it can reliably solve), by an applications developer and stored for repeated use.
A Planner accepts a sttnin of data reqie by a cus-

A service (either a query or a function service) is invoked A Pland aeptes astoatement fatqan r hirh by ate-

tomne and generates automatically aPa hc I ae
by passing to it a command expressed in the SMART Re- rlsaise the data.
quest Specification Language (the RSL). The major

motivations for yet another language are applicability to

both query and function services and die avoidance of 3-e
As a f-st te of some of dt core elements of the SMARTcomplexit of languages such as OQL and SQ. which in-

crease the costs of participating for providers. An infrastructure design, an expenmental system, ACT-TAP

statement has two parts: the constraint specfation an (Australian Capital Terio - To Advisory Proect).

has been buil. This is not yet an kipleientation of all
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Na-mI

comiponent of the infirstructure. in even the mos basic Wals an arilln and a destination point (represented

forms. Rathe the semphasis in ACT-.TAP has beew on as- by their Australian Map Grid coordinatesa) and returns6

sossn" the dWculsy sstaiblilsiln servcss and of invoking the shortest path bstween thesm (as the sequenced

those services. Mare generalljCT-TAP is Intesnded as a list of idantfiers for mead segments) and the sstimatsd

framework for furthsr reasearch on the more complsx as- transit tims. It is based on a network representation

Pects of the infrastructutre, of the ACT mead network. in which each node is the

The arktplce stalised Fir-4) as wo uer sev- unction of two roads and is tasjsd with its Australian

ices and three fimiction services: Map Grid coordinates and each arc is the connecting
mead segment

" the 1(06 (Karry's Databose) service is a database of th Scaue seric solves routing-and-scheiduling

fesatures and facilities in the ACT of interest to tour- problem. It accepts a lisn of sites to be viste" mati

ists. such as restaurants. hotels and attractioins such as of the trom times between sites, the earliest and lat-

the Australian Wakr Memorial and the Houses of Par- ean times to airrive at each, and the time to be spent at

lisinens. Each facliy has a street address Some hav the site. It uses a tree search to evaluate the sequence

URL~s for web sites with further information. The 1(08 of sites which minimises the total travel time;

is Implemnented as an OPACLE database. the Itinerary service solves a routing-and-scheduling
" the ACTSpatWa query service includes the databases problem. In this case. the input is a list of names of

of the ACT Pilot Protect This includes dhe road seg- sites and features, and the earliest and latest times. it
ments of the ACT, tagged by identifiers but not returns the itinerary which minimises the toril transit

topologically connected; time.
"dthe RoadNet is s function service which evaluates the The ACT-TAP application nationally assists a prospective

shortest path using the road networks of die ACT. It visitorto the ACT to plan a visit by building a list of sites *

Figure 4 The ACT-TAP System
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to isi an seectd htel retauant, ad s or an ne pontsforthelmdparcels correspontift to the

dim ma~anWiwry h~c mbbuiet ine neuw- strt addresses

ek% 1 b t heidem. ACT-TAP apptcseoalf is iniple- .dieRoaelu service is bwolsd to deeuit"i diedie-

metedasan apples macuivedwiedhs abroweec The applet mince macabr

r4 slos die user to hnerow s tie KDS said uw~on a . doe Schaiedler is MwokI to evlm ith de mewnimuss-

brm.dw slectd lsitofes sai letilites. The Low can disance itnserwv

ahoa e~sdiebrower iem~ ~4 Relationship to Other Work
in die KOB anfrixiedoe When the Met is complete, die

applet Wnoeis the hwmie.'ary service: Tin Spatial Inteone Marketplace is clearly closely related
both to topics mn Spatial Inormation Systems technologly

Th i-i ysrvc- smly-tce stared- plmn said applications. The functions of the infrastructure are
passesitstothie becuto.r The pien simply' uolasth simlaer to thoee of die core elements of worldlow s

query and function services. widi som reassembly of teins and of mukkitaase system. and can also

data w suit die external scheme of die services; lated to the more general components for distributed
thwie 1(08 service as invoked to fetch die m ad. sach*ecise snide die CORBA mode (for examnple). A

-rse ofkekessi c~f-ly dillrence is die absence hi die nmarketplace of a So
*dieACTSpstial Ser-vice is invoked to determine his.'. ba scheme. While the Registry cintuahs die collection of

nal pont for die lend percals corresponding to doe exee scheme , Ow r o hineted.e
set; addirwsex-

*die Roed*et service is invoked to determine die dis- There has been extentsive work on catalogues of spatia

oncematix;data collections whichi are network accessible. The New

doSheue is invoked to evaluate die minimum- Zealand GUW systeumsa epeentaiv example.in

distance itinerary.mnwasthmaktlc'Reirys similar t

The ACT-TAP application notionally assist a prospective msetadata catalogue, and we envisage disc diemada

Nasiso to die ACT to plan a visit by building a list of sitses catalogues will be an important sarting point for estab-

tovmand selected hotels. restaurants. and so on. and " Iktpae.- Them ha bow sso work on using

dien sluesnu an Itinerary which minimises die time trav- catalopies in accessing die dama althoeug Pascoe (1"96)

ekig between diem.n ACT~TAP application itself is Wiple- decie syster nck~ kaid softwerv agents to assist for-

Mene as an applet executed wlithn a browser. The appliet rnulatoe and execuidon of a search and to acquire and

allos te uer o IteroptetheKEAarWwitr, n a transform data. The architectra mocdel for a markeatplace

form. die selected lis of sks n facilities. The use c, Is coniceptuall very simlawldi die major dllrences die

also accesstroug h de browsedieVftb siesreeence consideration of both query and function servies and the
in de KO infrmaion.Whendie istis cmplee, de provisions for automated planning of query eeuin

applet hwolces die knidnerary service- S.- Conclusions

"* The Itinerary service simply fetches a stored plan. and The*Wal has already had a maWo impact: on Spatial Infor-
passes it to the &eacutor. The plan simply invokes th niotion Systems diioigih widening the accessibility of spa-

quer an fsctin su~e~wld soe rassmbl of tial data. The broadened market base for SIS practitioners
data to suit the exiiral schemas of the servic.es and researchers will almost certai,4y be influential as a

"* die KDB service is Invoked to fetch the street ad- driver for research and devlopment. There remain some
dresses of die sites and hallides. appications which ame handled only widi great difficulty

"* die ACTSpatia Service Is invoked to determine initer- wth d current CommercIali-off-the-Shelf (COTS) tools.
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Achelle" for reearesrds and practitioners.wl be to Po owsGer m PRaessen and Xiaobft Zhou. We are

determine where these applications can be better ad- also indebted to colleagues boron industry and government

dressed by inronosmive use of COTS tiechnolcgy and where who have aleted us to chellerillng research musm and
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Abstract both positioning and communication based on the single

A novel approach to automatic positioning and communii- GSM technology.

cationt is presented in this paper. The approach is using

single GSM (Global System for Mobile Communicationi) 1.1 Global Positioning System

tehology to achieve both positonting of the mobile sta- The most accurate positioning today is achieved using sat.

tion and communication with~ the otlher parties in a sys- eliebsdgoa oilri system (GPS) (lKapplan 19%).

tern containing a number of mobile stationis The paper Hwvr h P a w notmdsdaae.Frt

dels with the overall syse -rhrecue an brifl)y de the Wiformation on position usually has to be transmitted

scribes the aspects of positioning. communication and ap- osm te at eurngta h oiesainpo

plication of the system, without describing th lo-ee vides data communcation Waiiie. Most ohmen it is pro-

details applied in system operationi. kt also describes im- vided using some sort of radio system based data trarm-

plementation of two experimental mrin oftembl fers such as radio modems; which communicate with spe-

stations, self-positioning and remote positioning, tha in- cialised radio system infrastructrei (such as trunked ra-

tegrate positoning information in the platform ready to dio).or usong an exidstirgublic cellular system. In the former

use for dillerent purposes. The approach is applicable to case, this introduces the problem of radio coverage, and

GSM and its other more recent deriaivs requires investment into radio transmission systems. Fur-

ther costs are incurred by data communicationt devices. In

1. introduction the letter cas, the positioning and communication facili-
ties are at present implemented by two separate devices.

Automatic positioing (estimating location) and data com- The second disadvantage of GPS is that it is usable only
munkacaon is of great importance for many areas and ap for the case of "clear sky", which makes it hardly usable in
plications, such as automatic vehicle locating and traclung. urban areas, mountainous terrain, and in dosed/covered
remote equipment and property locatin and monitorinig. spce

boat. yachts. and cargo tradonrg and monitring remoe

patient tracking and mnitoring. various types of dispatch- 1.2 Radio Signal Propagation Models

Ing and distribution systems, etc. Integration of positioning Other, methods for mobile station positoning are based

and communicatio into a single system is a goal not on radio signial propagaton such as signiposts dead reck-

achieve in the contemporary positioninig systems Homee oningcircular or hyperbolicailmatarainsystmemsec.Many

it is the aim of our AGPCS (Automatic GSM-base Posi- methods and systems have been proposed based on radio

tioning and Comomnication System) project to integrate signal strength measurement (Fiel 1969. Ott 1977, Hata
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19M0) of a mobile obects transmitter by a set of base protocols. Other dama seervices include G3 lacsimile. and

stations. Rscietly6 adpel; schaems based on the use of Short Message Siervices (SMS) which is a bi-directionial

celilair systems and on fuzzy lqogc (Song 1994). hidde service for short alphanumeric (up to 140 bytes) mes-

Markov models, and pattern recognition methods sagas. Messages are transported in asorad-rwd

(Kenninsmin 1994) hoe been used to etmainut the posi- fashion. For point-to-pomnt SMS. a message can be sent to

aon of niobille.The most recent one (Hellabraridt 1997) another subscriber and an adinowleoiginsnt of receipt is
is based on a mukidlmensionmi scaling technique. A mo- provided to die sender~ 5*4 can be useid in a cell-broad-

bile's position is deter nined mna such way diet die mess- cast mode. for sending messages such as updates of dilftr

ured signsl strength of a certain base station in die GSM amt sorts. Messages can also be stored in the SIM4 card for

system is best fitted to the known average signal sta'engdi later retrieal.The 5*45 service provides a basi means to

at diis pointThei performance of the method was tested translisr data used to estimate position or coordinates of

by simulation for diff vn siniulated scenarios (Hellbrandt th oiesain

Bsdsvoice said data services, GSM system provides data

1.3 Personal Communication Systems that might be used for radio signa strength measuriemnents

The personal commuinications Industry is one of die fast- sand positionlnflie GSM mobile station receives each 0.48

eat growing industries in dthi decade (Feher I 95). The seconds die downllink signal levels from die serving aid

cellular market as a part of this industry. is growing at the u osxnihorn a ttosi iceesae

rat of almost S0 percentsa year The market timers; a Nug The GSM mobile station applies a complex signa process-

opportunity for man industries, inluding network sev ing algoritihms to determine the signal strengthsi. This in-

ice proiesoltwares an har-dware evoprs~adths formation is a part of GSM system and is used in our sys-

who will upgrade the sevices ofeed by tebsic net- temn to estimate position of the mobile station. 0
workc service providers. GSM, or other technologies; de-

rived from it. has become one of die prevailin cellular 1.5 New Approach - the AGPCS

ttncologiess wrdwide. By using. combinming and integrating two inherent features
of the GSM systemn (measurements of radio signal levels

1.4 GSM sand ability to communicate directly digitally), we propose

GSM Scouias 995.Redi199$ I,~ h~dd ~a novel Au tomatic GSM-based Positionin and Coimmuni-

services said somne emnergenicy calling featureis, but has al- cation System (AGPCS) techinology The AGPCS is a real-

ready ade IIPAImprovements in subscriber Identity module time systemn bults on top of the GSM system, and can be

(SIM) cards. which contain a niicrochip witii the inora considered as an application layer to standard GS*4. The

dion on the calleaý From the user point of vlewe the obvious fiswoknveinsfsytmungAPSeco-

differenice between GSM and othe cellular technologies cgy have been developed and tested.TheAGPCS technol-

is that GSM4 celkular phone operat only dljtally enbling ogy can be usesd for various applications, including control,

both voice and data to be tranisferred directly dolgaywlth- as it may be esilly incorporated into the standard hard-

out oftmodm poviingthebacbon ofthemciide warea'software environments or used in the embedded

form.

commnkaion etwrk.Our fist goal was to obtain technology to estimate mo-
A variety of data services are offere In GSM4. GSM users lile station position with tie accuracy tihat can be consid-
csan send and receive data at.rte up to 9400 baud, to merd sulkiient for a numnber of applications, The current
users on POT'S. ISM., Packet Switched PDN. and Circuit mode provides accuracy which is almost always below
Switched PON using variety of access methods and
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estimation and communication betweui mo1l objects link with the mo'il staton

or be~we mobil and stationary obj.CU has become I The network subsystem performs the swa&chu of us-

11001It now Ani mlweated poeltioning and comwnueca on and mobility mianagement in the mobile sermcea

tion SystunWtiCh can incorporate control lamses as well sitId" center.
is beIn obtained and used ina number of pio applica. Th moil stto aidbnsmnsussecm

Uos.The ,GPCS. incluting a brief omer'w of key tech- Case acKs dth Urn. Or radio link.ý ierfac.The base sta-
nologfes that take part in its imleuentation. i decie con. susse -OMIM wth~ th ewrks

in this paper tern across the A intarface.The inonternonal Telecornmu-

2. Te AG CS rameorknicabon, Union allocated the bands 8909IS Mft for the

2. Th AGPC Fram workupWun (mobile station to base station) and 935460 Mlh

In this section the AGpCS framewjorit is described. FirsL for downlin (bae- station to Mobile station). GSM is us-

we introduceI som feafture of the GSM that amrelvr ing a combination of Tkne- and Frequency-Division Multi-

for AGPCS. Then, the arcrJxur an a etrso pheAccess (DMMJDMA) maehod.Az the 900 MI-li aw

th APC aedecrbe.radio wave bounce off eveythin - buligsp hils cars.
the APCS re d~ed.alrpianestc.Thus, many reflected signls each with a dif-

2.1 Brief Overview of Relevant GSM ee'Paecarah-an-Eumo iusdt

Featues etract the desired signa from the unwanted reflections.

A GSM network is composed of severa functorenal k okanti-tOu o konV~nW V

des itis kotate inHV"I. whch how th laoutof modified by multipath fading, and constructing an Invrse

a geaneric GSM network. The network is divided into three Wtoer3thrstftedsrdsWT me M

majo pats:co-channel interference and to conserve power, both the
major parts:mobile and the base taumnscivr statio operat at the

1. The GSM mobile stto usse.lowest power level that will maintain an acceptable signaJ

Urnio 

Bp

Figure I. General architecture of a GSM network
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quality The moibile station measures the signal strength or features such as oower control is performed in this

sina qult (baned on the &lt Error Ratio), and passes suNlqv.

the ~infrmation to the base station controller (US). which Mobility Manageme- which manages the locatio up-

decides if &Wd when the power level should be changed. dating and registrationi procedures, as vveal as security

Besides ensuring the transmission of voice and data of a and authentication

given quality over radio limnk, the functioni. of mobile cellu- *Connection Managemvent which handles general call

lar network are the implementation of a handover mechs- controlkand managles supplementary serrices and short

nism. registration, authentication, call routing and location message service.

updating functions. Obviuly rom the AC2PCS point of viewv, the mosmt impor-

The signaling protocol in GSM is structred into three tant is Later 3. at which theAGPCS technology is hooked-

layerL Layer I is the physical laye. which uses the channel up to GSM.

structures of GSM. Lawe 2 is the data "in hyeAcross the

Lim interface, the data link layer is modiflicl version of the 2.2 AGPCS Architecture and Operatiuui

LAPO protocol used in ISN. called LAP~mAcross theA The AGPCS represents an application technology built on

interface, the Message Transfer Part layier 2 of Signalling the top of standard GSM. It performs the positioning of

System Number 7 is used. Layer 3 of the GSM signaling the mobile station in the coverage ares Wf the GSM net-

protocol is itself divided into three sublayers: work.The log" ica uctuire illustration of an AGPCS sys-
temi is given in Figure 2.

Radio Resource Management which controls d-~ setup,

maintenance, and termination of radio and fie hn The AGPCS mobile station consists of the GSMI mobile

nels. including liandovers. The management of radio station (actually hanidset) and a mobile computer connected

GSM
Network

AGPCS MS
and its .11

neighboring
base stations

[j AGPCS Mobile Station [][
Base Station

La Wireless Connection :
Figure 2 The AGPCS system illustration
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to it. Depending on the power of the mobile computer, tioning model can run on the mobile computer. and esti-
various degrees of intelligence and application complexity mate the distances to the base stations, or position, which

can be achieved within the AGPCS mobile station. The are then sent to the NC.The NC plays supervisory role in

AGPCS mobile station performs continuous radio signal the AGPCS system. It is connected by wireless connection

strength measurement and acquisition of measurements to the GSM. Further refinement of position can be done

to estimate its position. The position is estimated by ap- and the corresponding database is updated.The NC main-

plying a combination of mathematical and statistical tains data on positions of a number of mobile stations, and

modeling. augmented with the use of artificial neural net- provides the means for presenting positions on geographic

works to determine position or area in which is the AGPCS map display, but can be used for various other purposes.

mobile station. The model is based on current signal The NC and a number of theAGPCS mobile station make

strength measurements, history of signal strength meas- an AGPCS system. Obviously the number of independent

urements, as well as some a priori knowledge of the envi- AGPCS systems or their architecture is not limited, be-

ronment. The mobile computer collects signal strength cause it depends only on the application requirements. Both

measurements from serving and up to six neighboring base scenarios involve transfer of messages between the AGPCS

stations, together with time stamps, and evaluates the dis- stations or between stations and the network centerThis

tance of the mobile station from the neighbouring mobile communication is performed without employing GSM voice

stations. This operation is performed in real-time. Radio channels. It is based on short message service (SMS) that

signal strength measurements are performed with the sam- provides exchange of short messages without using any

pling interval between O.5s and I.OsJAI calculated distances additional interface equipment.

are used to determine an area (if there are just three dis-

tances it is a point) in which the mobile station might be.

The distances of the AGPCS station from the base sta-

tions are calculated from the radio signal propagation model Mobile station positioning is carried out by a complex

with parameters which are determined and subsequently combination of three types of models:

changed by a training process using artificial neural net-

works. I. Geometric model based on trilateration, which gives

accurate position given the distances of mobile station p
Two scenarios are used from this point on. First, if the from the base stations.

computational power of the mobile computer is sufficient, 2. Radio signal propagation model, which is of empirical

it performs further calculations, determines the estimated character and includes many uncertain or unknown

position, and displays it on the geographic map. It is also elements changing in time randomly.

able to transmit its estimated position, as well as signal 3. Artificial Neural Network (ANN) model, which is used

strength measurements, if needed, to any party in the to reduce uncertainties by learning from the previous

AGPCS system, including supervisory center.This scenario experience gained at the training station or mobile sta-

leads to self-positioning and communication system, or tion itself.

SPCS.The SPCS is useful in applications in which theAGPCS Although the combination of these models carries certain

mobile station and its user want to know current position. level of redundancy, this is desirable in order to reduce

In the second scenario, the mobile computer has a mini- the influence of the randomness, which is very high in the

mum of intelligence and inputioutput devices. It is used area of radio signal propagation and makes its modeling a

just to collect signal strength measurements, preprocess very difficult task.

them and transmits to a network center (NC), where they e main problem affecting the estimated position accu-

are used t estimate position.A simplified version of posi-
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racy is doe h~ii uncertainty and randomness of radio 4* Genetic algorithm ranks the UP ANNs the according to

Wi propepslaion process. UfngAN modeling (&rapminln values of the fitness functioin. Finally the best of selected

I 95.Svwireler 1996) proed to have some advantage such ANfa ame used to implement the positioning modeL In

as not requiring a priori knowledgii of the relationship the current version of the.AGPCS the selected ANNa are

between dependent and Independent vairiables. First. the implemented in software.The software lmipleimetdN

made is runi to learn using pest and current positoning is cap"l of estimiatinig position in reel-timea. The whole

daaIncluding signa streongths; and actal positions deter- process of signal strength measuremients and measuremtent

mined by more accurate GPRS technique, or computeflisp- data preprocossintand application o(ANN's model is par-

ported and generated maps Than, the model is validated formed ini real-time using a standard PIC-compatible note-

using another set of measuremeants. Rially the mtode is book as the mobile computer. Further details of our model

used to estimate posaitos-At this stage~the back proper- will not be discussed in this paper and will be reported

tion ANN model is used in estimating AGPCS staton po- elsewhere.

sition. it Is an adaptive multilayer feedforward network

modeling technique, which is often used in nonlinear 5ys- 4. Communication
tem modeling and time-series prediction.Two approaches

The short message service (SMS) is a unique service pro-
hawe been used in estimation ofAGPCS station position: vie in GSM- th~at allows users to send and receive point-

I . Signal strengths and desired AGPCS position input- toi-pomnt alphanumeric messages of the length of up to 160

output pair. In this case. ANN learns to predict the chracters.it allows two-way messaitdtr-andorward

position from relationship of signal strengths and ac- delivery, and acknowledgment of successful delivery. This

tual position determined by GPS or obtained with high ser'vice is pa for.,u within GSM control channels and does

accuracy from the computer generated map. not require the use ofthe voice channeisThis furthermen

2. Trilateration. In this approach.ANN is used to model tha no special equipmfent for data service, Mik moidems

the distance between the AGPCS station and or special dam acrds, is needed. The S4S service operates

neighboring base stations ha at ua mes eens by sending a message to the service provider meissage

psitions pr-center, and it is forwarded to the destination using service

Results obtained using two described approaches ambet- provider network.A problem that can arise is the delay in

ter than some other reported in literature (Song 1994). dlvry of the message to the destination. Although de-

The accuracy of estimated position is better than 270m. lays of this type occur occasionally, most deliveries are

This is still worse than those reported in (Heldelivt eryf anoremurated within verua stnct-time con-tansHwvr

19"7). Howeve. results from this reference muvst be taken dlvr antb urnedwti eysrc ecn

cautiously, because __e ar obane n a ful iuae stralnts.The SMS service Is used to sndng position infor-

environment.All our results refer to the real system exc- ainsglstethmsumnsorwxcnig

periments with real-time estimation of position.These re- oteinrminbtwnth GCmblesacr uh
as telemetry measurements, or control information. An

uft avebeentesed n liite are ofabot 3 3 on. application layer of the communication protocol has been

The implemented moidel is obtained by training process developed that provides transfers of two types of mes-

on th.#GPCS station itself~TheAGPC station moves insa sages:

specific area and signal itregth me rments together 1. Short messages of the length of up to 160 characters
with actual positions are recorded automatically.Then, the reesnigacmurspotdvrinofGM
training process start. It first Includes analysis of various apomutrvupored vM evc.Sfwr ntersion of aGSM-
"tyes of BPANNs using genetic algorithm (Goldber 1909). PrvddSSsvieSotaenthfrm fady

152 Proeedngs of GeoCornputation '97 & SIRC '9 7

A..,.k



uenic *Alirary supports sending and receiving of 5. Implementation and Application
short manages, -nagisment diiesaebffaand Aspects
OSM mobtieson local memories.1This software pro-

vides a number of functions chat can be used from T.frtIpeetto fte~C ytmue h
highlevel programmnwg bingi--e. AGPCS stations consisting of the GSM mobile station

2. Long messages of almost arbtrary lengt. Because of (hW"ifeO Pmict, to the PC-Competibl notebook 1 com-

the limited dew transfler speed in GSM network, the pue.h whole software is developed to run In the MS

length of the lngmessage is practicaliyl it oh Windows opera*in environment. A smalnailml-timei kw-

values thatcl- non specific appIrcaio9 The soft- s"Wl- aplcto collects signal strength measurements.

ware layer for kin messag trndr pv & and preperes themn to be either sent to the network su-

mentationi and difragmentation of message .ordeirving pervisory centairoir used to estimatea position locallyThe

and checks foir correctness of transfer, If required. application can decdde what to transfer to the NC de-

Anoter ~ tMA~a ommuicaion pending on the criteri set up by the application.The other

is abiliy to ca ow Gasses(lsdntor). application software is used to display the current posi-

One h NC is cetdiknwwhc GCsaios tion on the guogrpic * nap6 This operation is not time
critical, and software reeds the current position from the

areaud isel t tae prtin he ystrL~eAGCS m- file that is optionall used to log (kmep track Af all posi-
tion must firs register to the NC. and report to it at the

agreed time intervals or at the NC request, Otherwise. tliiIs.

the NC may unregister it fr-om the system.This feature is Manaining the databese of the AGPCS stations incuding
important to reduce the frequency of traffic to a mini- position and other information can be done in the NC. In
mumt, because sending messages is associated with the cost. this case the AGPCS station can be reduced to the GSM
Each AGPCS station can be brought in a sort of dormant mobile station and an embedded systemv used just to col-
tt, and awakened by the NC when needed)Jso, through letesrretpili esimto~ostmadsn
isown intelligenice it can demnand communication with that irdmtion to the NC. The asks r ar-e at Oda

the NC when predefined change in the positions or other level of network center become more computationally and

monitored variables occur. time consuming.The communication aspect becomes very

TheAPCSallws et noter ypeof essV echage. impor-tant. It is the responsibility of applcation develloper

to keep number and frequency of ta nsferre messages
This alternative way is using point-to-point tranisfers that lweog oaodbtlrc ttepito onc
are performed after establishing connlection by diln.h tkm of the NC to the GSM.
transfers are done using voice channels and actual an.time.
Hoavver this option requres adiitional data car plga Based on GSM, the AGPCS provides and guarantees the

into the notebook computer. In the curn imlmns highest level of security through the application of

dion of theAGPCS systern.thls software relies on the com- enrpto algorithms and frequency hopping which ar

plex MicrosoftTelephony Application Programming Inter- 1fullytrarisp~hont to application developersAlso~theAGPiCS

face (TAFI). Once the connection is establishied. it enables is Internationally applicable enabling completely new glo-

guaranteed deam tr~asrs bewe parie at the mai bel applications without using specialised! equipment or4mum data transfer speed in GSM of 9.600 baud. investng in expensive infrastructure.
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6. Cnclosins (1eaQW) Ham M.NagatuTMobile Location Lis-
IngSOWl Strieli Mmemsrrents in a Cellulhr System".

Th*AGPCS uldachnlo for posteoriftcoiennacaton arid EEETunsecom onenkWaiwTedmxVolpvLVT29.pp24!5-

covirl of mobile A'c -is described an this paper. The 252, May 19 0, pp. 245- 252
AGPCS usssandard GSM topsefor.. alMfunctions, mak-

lng simpler combinsation of those tasks than in other con- Kipiilv ( 196) K~appa E_. Undenumdif GPS:-Pl'bnc~aes

temporairy systems. New positioning method allows to akcsAsc os,19

position moiestaions within 270m accuracy making tadh- Kianoneimen (11941.11) Kannemnarn 0.. "Pattern Recog-

nology applicable for many existig needs. Current 1mph- nitiora by hidden Markow models for supporting

mentations of the AGPCS mobile stawin and network handlover decisions in the CAM system", xn Pftic. 6dh

ce ter uose PC-compmlbieMS Winows harchwaresofsware Nordi Seminar Dig: Mobile Radio Comm.. Stockholm.

platform. They have been chosen as suitable for compat- Sweden. 1994, pp. 195-202

ilitrwthn 9oterneelpet tools an applications. Kenrar (142 Ktovenari "oninuomn lo-
Howeer he APCSmobie satio ca beredesigned to cto fmvn S oiesain yptenrc

the form of embedded movingon The moail station byeptterrrcc

directions awe further improvement of positioning model cino tehniques" in Proc. 5th Int SImp. Persoara( i

accuracy implemnentation of mobile station as embedded m MblRckCo .,dnagHlad.19.p

solution, and new applications of the AGPCS technology.
Ott (11977) Ott G.D.,"Vehicle location in cellular mobile
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Abstract Israel is exploiting the mineral resources available within

Change detection studies require that all spatial informa- the Dead Sea. To do this they are effectively draining the

don be registered to a common coordinate frame. A pre- North Basin in evaporation ponds to the south. Israel et

vious image-to-map rectifcation study was performed by al. (1996) attempted to assess the changes in the sea level

registering OW locations to map positions in a local coor- using manned space photography registered to a 1:250,000

dinate frame for all images in the time series However, scale map ( REF Ref385752423 \* MERGEFORMAT Fig.

the precision of this study was unable to be quantified due ure I). The precision of this analysis was unable to be

to the uncertainty of the map generalisation (Israel et al. determined due to the uncertainty of the map generalisa-

19%). A better techrniue is to register a single image to tion. This analysis repeats the process using a geometri-

the coordinate frame either by using conventional surv/ cally corrected and georeferenced LandsatThematic Map-

techniques, such as GPS, or by having known camera posi- per (TM) image as the registration map and to quantify

tion and orientation parameters (internal and external mapping precision.

control). The goocoded image becomes the base map The This project demonstrates a low cost computer process-

other images are then registered to the image base map. ing methodology to monitor large area changes. The

In this case study we have used the North Basin of the manned space photography is publicly available at low cost

Dead Sea as our study area. We compared our results to The image area has a similar ground footprint to a SPOT

those found by multiple image-to-rmp registrations. scene for high spatial resolution photographs (Israel 1992).

However in New Zealand, an unregistered SPOT image

costs approximately three hundred times that of u s-
Monitoring large-area temporal changes, whether human tered manned space photography. We will show that using

induced or naturally occurring, requires a sufficient amount image-to-image registration of imagery is not only less

of archived imagery to note the changes. Ground refer- expensive but faster and more accurate than image-to-

ence information must be available to determine the local map registration for change detection issues.

datum for quantifying the changes that are observed. Large

area monitoring is neither cheap nor easy but is required Procedures

fur planning and management of natural resources (Estes Manned space photographs of the Dead Sea have been

and Mooneyhan 1994).
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67,000

64,000

63,0001 0i
1965 1970 1975 1960 1965 1990 M195

Year

Fýgue I Decline of Dead Sea Surface Area by Year - taken from (Israel et al. 1996)
Note: 4 indicates raw data values; and I indicates linear regression line.

analysed from Apollo 9 in 1969 through to the Space Shut- marks for registration. The corresponding features on each

tde mission STS-47 September 1992. Puablicly available 35 manned spae photographic image were registered to the

mmn sldes were taken from the original 70 mmn format TM image. Onily manned space images that registered with

slides and tested for their suitabikiy for analysis. Criteria a root mean square (RMI) error of less than I -me were

for suitability were a small zenith angle of photography, a accepted for analysis. As each digitized manned space pho-

high target-to-background contrast, and a complete plic- tograph is of different scale. the area contained by one

tographic coverage of the site and surrounding area to pixel will also vary. This ground resolved cell (GRC) is a

perform image registration (Oulgn. 1990 #10)- fujnction of the acquisition parameters, film format and

The lids wee al sanne at6W dts er nch dpQand orbital position and orientation relative to the target area.

trnsferred to ERDAS/knagin image anlss otaro Althuou the GRCs of each image -b will vary due to

processing. 600 dpi is the highest resoluton of the scan- the acquisition geometry. after the rectification process all

ner. ff the nmage data needed to be stored for long pein- image poils contained the same linear cross section of

ods of time then scnit etltion would have been ground projection. All rectified manned space plocgra-

optimised. The scanned image data wa then visually i- plw images were overlaid on the TM knage to visually in-

spected for usability based upon the above criteria. spect the pecision of the rectification, k was found in

some case that even though the RM err or was below I

Imnage Registration -b there were stil obvious flaws in the rectiflied image.

The registration process was performed using a 1964 TM Teefaswr orce yicesn h ubro

image with the standard geometric corrections (.Mlasnd registration points~especially In areas where the difference

and Kiefer 19964). as pr ovie by Uinited States Geological ew;thTMiaendhemndspciagr

Survey (USGS). The red bend of the 1964 TM amag was waobiu.Temgetnsrainwsprfmd

used as it contained s~gniican contrast between the Dead usn h tnadners egior algorithm fo eal

Sea and the surrounding coast and readily observable hin cation (ERDAS 1994).
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Image Anab jais oakr Norem Beausing a f singleA01. inhesea.case.mul

Ediach e imiag w 0m thnaalysed wo e tnls he tipl5 kOI wear dnledwd rlgseiEcd

are of th Dead Seeks No d Basin in pb@WL The aes of di~safttas The"e I~bde 'subAMik was th en. edw

sechpbuilinemso sbltnw nadhernce arevuolhe

Norsh SeasMoneschand pc am mb Pixel Counting[

lased. Thus,.f sle rbele vokome of winy lost forn om The fInal A01 was than asessed! by counting die tocal

Mars leai n~ beumberrd of -bal and hence the total ara of the North

Basik The couninrg procedure was rqepased form anA0

Establishing Area-of-Intfs with h~ier and W ~ spectral Fuida distances.

A skMs -bo was identilled within doe North Basi. Then

a Worming lonction Wa perfome to copae dwwe Error Assessment of Area

value of1dm targt pixel with Its ne*"mors The conipari- The major conmponens~ of error are ietillIed The naxi-

son diste spectral Euide distance. The worming func- mluml possible error due to. rslisatlon is the RNS error

tion, produces a vector area of himee (AOl) containingl ý'Rp by the total lengdi of the major aids Ithi ds

all adjacent pixels. As this is an accumulative fmdonesach case. the major (North-South) axis of1dm Nordi Basin is

new pixal has the same function aple oisnihor multiplied byd the S rounmded to the equivalent of I pixel

ing pixels for do same rise The process continues until GC.A

all pixels that are within the rarge, and are in contact with Todetermine d accuracyo01dmD0l identification some

each other are Identified. The A01 is don visually corn- 01dmha inmages were reassessed at sk#*d h~iger and ~
pared to the arms 01dmh North Basin. The process is re- spectral distances. This enabled us to calculate the per.

peated with diffierent spectral distances to ensue the en- centage diference in total ares caused by sWiKi variatons p
tire North Basin and only dme Marsh Beasi is Widntille as in dme spectral distance The appropriate selection 01dmh

oneA0B1. In some cases.It was not poss"bl to Iden the d distance dnlngdmP*Al is subjctive. RcrestingchaAl

Year Month Image GRC Total Area Total Area
metres pixels hectares

1969 March AST9 562 778 1099 66521
1982 November STS 57-75 405 4119 67562
1983 November 50950 1362 343 5603 65919
1984 October 4 1G 1200:56 687 1345 63480
1985 October S51HJ50 084 217 13371 62963
1989 October S34 84 067 368 4800 65004
1991 April S37 151 124 348 5401 65408
1991 Jun S40612245 384 4393 64777
1991 June 540606015 466 2835 61564
1992 March S4595 88 595 1766 62521

*1992 Sevember S478260 249 10474 64940

Figu re 2 ftsuilts of Analysis
The results show an irregular decline in the size of the North Basin. The decline is not a linear function due to
varying seatsonal condlitions, increases in water use, and errors in acquisition and processing. There arm to areas
of the analysis which can be affected by errors The rectification processis suscep~tibility to errors has been

minimised through using rectified images with an RMS error of Less than one puEWl
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Tear memo hille GRC Teti Area Teta Area Mai. Errr ftmeano

mectres pixels hectares beculesmre

1969 March ASIV-562 7n7 1099 66521 4046 6
1962 November ST'S 057 75 405 4119 67562 2106 3
1963 November S09.501 362 343 5693 65919 1784 3
1964 October 4[G120L056 697 1345 63.480 3572 6
1965 October SSIL50j3S 211 13371 62963 1129 2
1969 October S3494_.067 368 4800 65004 1914 3
1991 April S37_j5L124 348 5401 65406 1810 3
1991 June S40 612245 364 4393 64777 1997 3
1991 June 540 60601S 466 2835 61564 2423 4

1992 March S459588 595 1766 62521 3094 5
1992 September S47_82.60 249 10474 64940 1295 2

Figure 3 Regswranon Error Assessment

72.000D

68.000

64000 FT 3a9 Area,
62,OO oo1 t IMinimum'~J

6WO.000 IMaximum Anj

58,000

56.000

54.000

52.00

1969 1971 1973 1975 1977 1979 lq-i.,W983 1985 1987 1989 1991 1991 1992

Figure 4 Rectification Error Assesment.

with higher andl lower spectral diWerences gave us an vho- Registration Error

cation ofW r e sv erof due to operato subjecdtivty Thi means th~at th~e maximum possiblIe error due to regi-

esults ration Is the area of one p*xe multplied by the length (as

tis lase thadn the width) of the North Basin ( REF
A tolal o( twelve images; (inckkdin the TM image) oam ReM78571427 I* MERGEFORMAT FPgur 3). Ghwe dtha

analysed. The Image acqutsition date range from Mlatch the vare we have kkdetfied as that of the North Basin(
1%9 through to Septemlbe 1992. The resutst of analysis REF Ref385749349 %* MERGEFORMAT Figure 2). is cor-

are shown Wt REF RjeM6749349 %* MERGEFORMAT remt then the variation due to rectification error is simply
Figure 2. Rolab" these results to those bmWind t REF that area. plus or minus the area of one pie multiplied by
R@M38752423 %it MERGEFORI4AT Figure I shows litte the length of the North Basin (REF .Ref365749364

diarence mn the cang Wn the area over time. MERGEFORJ4AT Figure 4).
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YCW Mmsil [mape Spectral Rows Columns Pixel Siue Tota Area Total Area Difference: ales
Distance

1969 M ath A r911 562 29 900 -06 10 82 O M 2

1969 Morch AST'9 562 39 9W0 601 1 119 67731 2

1994 Sth AumaIi TMe of North Slami 11 3094 2045 29.5 824092 66937 1
1984 5th AUpS TMhofNorthBais 25 3094 2045 28.5 839208 68164

no Gom 4102S ta 230 M 6 3"7 1345 634K
1964 Orober 41Q120056 15 286 297 687 1345 63480 0
1984 Ocpixie 41GLI20 036 25 286 2197 687 1345 63480 0

IMn - SSIJ5&3k so 3M 367 217 13371 a2m9

1985 Ociobft S3 I J50 084 45 536 347 217 13136 619502
.995 Oclober SSIjS 084 55 536 347 217 13526 63693 1

1402 "Wl 545.966 31 36? 312 905 17U d252

1992 March 545.-9588 26 307 312 595 1727 61M4 2
199 Match S439588 36 307 312 595 1814 6422D 3

IM6 Mspeiiibe 387_812_69 Coinpeb 554 453 249 50W74 64M4
1992 Sqxraerh S47.8260 IS 554 453 249 8364 51858 20
1992 Seuiember S47 82 60 20 554 453 249 11806 73198 13

Figure 5 A01 Error Assessment

Area-of- Interest Selection Error in pixel counting for our AQ in ERDAS/Imagine due to its

As discussed eaudier. the Process of Identifying the appro- approimaio of poinas in an area. Consequend* we found

prisme AOI is subective. Once th aprpit A0l was it necessary to develop our own pixel counting software.

selected the spectral distance was noted. The analysis wa5 Our confidence in the accuracy of the dsam can be seen in

then repeated using spectral distances five greater and less di peetg ero esrats fo di smples of the data..
than the original value which corresponded to + I SY. Five The imnages with mnerged A01 sh~ow obsvious areas of large
images were resampled to illustrate the relatve errors. erro This error has been somewhat exaggerated due to
The results of this resampling are shown in REF the error assessment be"n done with regards to one AOl

ReM3874938 ý* MERGEFORMAT Figure S. The images mide~ th obiu badr of the North Basin and one
with merged Ao1 are sublecit to the possbility of large which is minimally outside the boarders. It was extpected
errors. Aol err or assessment shows the perentage vai that images with larger GRCs would consequently show
anon in area for each image as it is reaipled with difha' greater variability in the accuracy of total area analysis.
ent spectral distanices. This was rot the case. It appears that the main caus of

error in images is the lack of Image contrast in some im-

Discussion ages betwreen land areas and the water of the North Ba-
sin.

This research quanitilfle the error sources associaed with

multidate image mergng. Because the control of th re Conclusion
artoiproceu wa uhbttrti i previous The procedures developed here nW be applied to a wide

attemipt by Israel et al. (19%) the possibility of large era agtf'hnedtet.rbem-Mne saepo
rors in the imtage-to-map registration process was mini- tgah salwcs lentv oetiomni!stt
mised ( REF RefM8749364 1* MERGEFORMAT Figure Ike image data, and the database spans over 30 yesars.
4) and contsequently the error analysis was focused on the Hwvradtoa omicueicesdrgsrto
actual image analysis procedure. 4A* also found a difficulty
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1. Introduction Lauenroth 1"93). Other studies, on seedling survival

Vorionoi teasellation is an wilmatiatte partitioning of space (Waftitson atal. 1963.Owens& Norton 1969),show that

in a finite set of non-overlaepping continuous regions called mortality is grete for plnt of smallest polygo area.

Vobrano polygons. Such construction is defined from a fi- In wrtilepropose anoither use oftriono ickgiram

nite set of distinct points To each point (also called got- in costuctin a spetiotemporal model to study plant

erato point),a associated the region of the plane which is pouato *=K We analyse in particular the influ-

nearer to this particular generator point than to any other once of various recruitment processes on the spatial pat-

(OCambe at al. I9M). In plant ecology, plant coordinates are terns of a Guisanw forest standi First. an initial model con-

used for gatierator ponts. plants, being sedentaryexperi- tain aadmrerimn proces providies results on 6
once the enwironment only in their immnediate neiighbour- Me piiation s-a and spatial pattern dynancsThenwe

hood. Brown (1945) and Mead (196l6) were the Amrs ecolo- conceive a second Voronoi oe incluiding canow opn-
gists to represent the space that closely surrounds; a plant Ings and r-ecruitment pocesses in pps.With this second

byVoronoo polygons Brown uses Voromo polyigons as "area moew oueour

potentially availale to a plant. i.e. the available area for a ateioonhecrgs ptalatrsdwu m
plant to sat*isf ts needs in water. nutrients and liht A atetoonhecagsispilptershouhim

generator point can also be compared to a tree trunk and according to the opening rate and ga area distribution.

the associated polyon to the 'crown prjctct ae of 2. Voronoi models
the corresponding tree, used by foresters (Bouchon 1979).

Voronoi tessellation (Fig. 1) gives a detailed description of 2. 1. Concepts and implementation

the position, size and shape of individual plants in relation AVoronoi tessellation can be defined as follows : let P, P,

to the number and proximity of their contiguous neigh- P**'. be a finite number of distinct points in the plane, the

bours. Hence, polygon features reflect local variations in region associated to P. is the setTN, defined by-

plant density. TsN=x I d(x.PJ)Sd(x.P.,) for all muan)

Sever-al authors working under carefully controlled condl- where d is the eudldean distance (Olcabe at al., 1992).

tion wih mnospcifc eeriaget potiltion, hve sed To construct the Voronoi tessellation, we use the algo-
polygon area as a descriptive tool of spatial plant arrange- rithm proposed by Green & Sibson (1978). revised by
ment and/or as a predictiv tool of plant performance

(Mitheni at al. 1964, Mitlc & Hape 19kAul & SBvwin (196 1) and Bertin (1994). it consists of an incre-

menta method of adding generator points one at a time
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in se nauping "Wnow unil tshemsellation is oomplaem.

0 ThM mgecoon of a new geneuwo point mixdiies local con-

aguities. Such an algoritdun uses liat of jeerator point

* ~and veruces. and is computacionhlly ecient (resolution

tine in 0(n)).

Cetan o~on. aledmagwal a prtalydetermned

are not representative of the population and should be

* . eitcuded from any analysis. To select marginal polygons.

o ~ w use dhe algorthmn proposed by Ka"ene t al. (1W9a).

To use *rono tessellation Ilor spatiotemporal models.

0 some generator points are inserted and others are sup-

-rse from the tessellatoio through time steps. accord-

Figre I Voronoi tessellation where polygons ng to rules for recruitment (arrival of saplings n the stand)
containing small hatched circles are mairgnals.

(a) Random Regular Aggregative

02

1.6.

1.4t.ube
Fiur 2 (a Vrooiteselaio cnsrute wth61 pins etrmne rotredifetpinpocss

(b)Coeficentof1.2-ito fplgnae ihrsett h ume fpitt eettesailpten

cott), rado (a)oisson) antess ulario (osrandmied periodic) points eemndfo he ifrn on processes.

162 uroceens ar ofne beo cmuaonfiec '97 ral obaie from '97 al iultoso greaie(em

Scoff), ~ ~ ,.,~ radm'lmo)adrglr(admzdproi)pitpoess

U 0 110 UU U U 0 UI ..U.U..I.H.D.U.IU.....U.U..I.....U..U...U.
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andimortality(rmol of a e).Thus, insertion and sup 6l8 points corresponding +otemmdniyo rs

prmesio of points will induce local modifications in the (with a dhh() > 10cm) observed on I ha at the Paracou

simnulated forest stand spatial patterns. However' recruit extperimental site (Schmit & Bariteau I990) in Fec

nsumber and tree mortaliy ame functions of the total popu. Guiana (5- 15'N, 52-SS-) betwe 1964 and 1994 (Fig.

lation sine. Thus, while the population size dynamics is 3).The Initial points are randomlyt distributed following a

managed at a global level, the changes in spatial pattern Poisson point process, in accordance with the spatial pat-

thrugh time arise from local events. Furthermore, plants tern of trees observed on field data.At each step. r indi-

can change their internal state (such as age or diameter) viduals are recruited and mn tees are removed, such as:

according to a growth model. In this 2.de a"~ is N(t+l) = N(t) + r - m,
incremented at each atiie stop) but the growth process is with r = Bin(R. N(t)) and in = Bin(M. N(t))
not included.

where Bln(n, p) refers to the binomia distribution with n.
A preliminary analysis of Voronoi polygon properties led thnubroak WAhescsspbbityTe
us to prefer the coefficient of variation of polygonire symbol R represents the recruitment rate. M, the mortal-
(CV) as the most simple and efficient variable for describ- ity rate andt N(t). the population size at tine t The coor-
ing the spatial pattern of generator points (Fig. 2) (see also diaeoftercusaedtrmndrma isnpit

Vincnt t a. 176.Uptn AFineltn 105,Huthins & process and each indivdual has the same probability of
Discoinbe 1100116 Lon 199W, Marcelpoil St Usson 199M). being elimninated. As trees are recruited at dbh = 10 cm.

2.2. Random recruitment hypothesis one time step equals the necessary arme to reach such a

A first model has been conceived for analysing th behav diameter i.e. approximately 10 years.

lorofVroo plgosusdinsatoemoalmxll. (i) dbh - diameter at breast height is the more *
At the initial time, a~oronoi diagram is constructed with common measure of tree size.

2.0 SIM

1.6 .700
S 1.4

1.2 650

- 1.0 600~

0.84

550 ~

0.6

0.0 I400

8.4 85 86 87 88 89 90 91 92 93 94

Yew1

Figure 3: General characteristics of the forest dynamics at Paracou etperimental site (Firench Giuana) betuwen
1984 and 1994. Recruitment and mortality rates are expressed in % of the population Sime.
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Dwun% the simulation procedure.we test several values of persistence of the values of Rt and M over several can-

for ft and K. includin the extreme onse observed on the turis.As the population size dynamnics seems sensitive to

Paracou site.The sliuAtoions are resebd for difeets mi- small ddaencese betw en umcnent and mortality rates.

to' speclal patter-complete spatial randomness (Poisson the next moidel will be based on the hypothesis of a steady

point proces). Neya-Scoct surepte procs (see state of the forest stind, such that M1 = R = Bslnp N(t)).

Sboyan et al. I95 for a review) and "mudded!' periodic where prAeprset both recruitment and mortality rames.

spatial pateser- For each set of parameters. 30 simulatios Th dsrbto fdeta beonsis stable between
are performed in order to obtain statistically valid resuiv. 2 ndS us deedn on the value of Rt and M (Fig
The output variables i.e. population size. age and CM are

observed on 200 time steps.
Whether the initial point process is random., agregazvf

2.3. Results or regular, the spatial pattern becomes random after 20

The system is obviously sustainable when M approaches Rt dime steps (F'% !).This phenomenon follows from the ran-

but a small! diffrence between the values of Rt and M lead dom choices of the coordinates of recruits and the iden.

to a fast deviation from equlibrium (Fig. 4). city of trees to suppress.

On Paracoiu station. wes observed the rate Rt = 0.89 % W/ 3. Gap effects on forest stand spatial
year and M = LOS5% N/year:.Wheni the model runs with pten
these values. the population dynamics is unsteady and the

simulated forest stand perishes after 122.3 steps, i.e. 1223 3. 1. Canopy gap modelling
years. On average, I1% of the forest canopy is annually openied by

However this result is founded on the unlikely hypothesis trdkadbach.I im*aoyW (rla 92

1600-
R=0.2 RO~llR=0103

1400.

1200.

1l00o

400-

200. R0D95

0
0 20 40 60 80 100 120 140 160 180 200

Time step

Figure 4; influence. of the difference between recruittment and mortality rate on the population size dynamics. R
represents the! recruitment rate (%/step i e. 96/10 years). M, the mortality rate, equals 0. 1 N/step. Curves
are bounded by confidence intervals obtained with 30 simulations.
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Figure 5: Influence of the difference between R and M on the mean age of the forest stand, with M equals 0 1 N
Curves are bounded by confidence intervals obtained with 30 simulations.
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0A

Reular

02 point prowc

0 20 40 60 80 100 120 140 160 180 200
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Figure 6 : Confftcient of vanation of polygon areas (CV) during simulations of a forest stand dynamics with
Voronoi models initial•zed with different spatial patterns of trees. Curves are bounded by confidence intervals
obta&ed with 30 simulations.
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new patches of vegetation start to grow which later will ng rate, v%, the variance of opening ra•e and A. the total

form the forest canoWy. Gaps in the canopy increase light arem of the study plot. The total opened area is spread

levels and modify other characteristics of the environment over several gaps whose areas. sg(i), verify 1, sg(i) = tg(t).

(Denslow 1987. Brown 1 93) sufficiently to influence the Values of sg(i) are samples of a Gamma Law fitted on the

dynamics of the tree population (Plckett & White I s.ize distribution of field observed gaps (Fig. 7).

Plate & Strong 199.Van der Meer 1 5). Numerous seed-

lings establish themself in these openings, inducing a Openings are assumed circular and their centers are ran-

"clumped spatial pattern (Armesto ec al. 1986). domly located in the plot.Trees located in gaps are elimi-

nated (gap mortality process) and the openings are imme-
Our aim is to estimate the aajregion intenscty obtained diately filled by recruits.The number of recruits, r, is pro-
in a simulated forest stand where canopy gap appear Con- portonal to the gap area, as the recruitment density ap-

sequences of diferent opening rate, gap a distribution proaches stand density. While all recruits appear in gaps,

and initial spatial stand pattern on the forest dynamics are only 52% of trees die through canopy openings; the rest
analysed with regards to the age, population size and CV (48%) are dead standing trees (Durrieu de Madron 1993).

changes through time. Hence, the population dynamics is expressed as:

To include the canopy opening process in the Voronoi N(t+ 1) = N(t) + r - (Mg + Mds).

model, we determine at each time step, a total opened

area. tg(t), such as: with Mg-(sg(i)}, Mds = (0.48/0.52) Mg and r = , (N(tYA)

sg(i),
tg(t) =Norm (mg, vg)x A.

where Mg, the number of fallen trees during opening of
where Norm refers to the normal law, mg,6the mean the canopy, depends on the size of the gap and Mds, repre-

0 60

- Small opening areas (a=1 .42, b= 1, mga=70 m 2)
50 Medium openig areas (a=1.97, b=3, na=153 in 2)

--.-- Large opening areas (a=0.55, b=1.42, nga=258 m2
)

40 fitted on data observed at Sit Elie site, FRench Guiana
30 (Vander Meer 1995)

~20

10

o o L 0

( - °If %D 1- OD 3%
CeCaopy opernigs area (m 2 )

Figure 7 Gamma laws ýftrd on observed gap distributions in French Guiana (Van der Meer 1995) or generated
artzficially The parameters a and b represent respectiwey the scale and shape parameters of the Gamma law,
With respect to the mean value of a Gamma lua, mga is the expected mcan gap area mtga = (100 b/a)

1 66 Proceedings of (GeoComputation '97 & SIRC 497

*_, ... 0



B BB B1 BB IIB B B I B II BBS CU tIt!i7U
sThes dcad standin g trees. iog to the opening rate but also to the gap am diribu-

Tion. The box plots of Cv il-wat these dif•erences (Fig

9).We conclude that gpp dynamics plays an important roleand three intil spatil pattern allow us to sirnulat vart-

ousdisaxtncemods o th netroica ru foest(Ta in generating a tendlency to aggregatio in the spatial pat-
tern of the forest stad.

ble I). As previously, 30 simulations are realized on 200

stps for each set of parameters. The observed output Finaly we analyse the effect of the initial spatial pattern of

variables are population size and CV, polygon area and tree trees on changes in CV with time, when the opening rate

age distributions, plus some information on gap character- equals 10 W/step and the gap area distribution corresponds

istics (number of gaps, mean and variance of their areas). to an intermediate case (a= 1.97, b=3.00). The transient

regimen is shorter than the observed one in the reference

3.2. Results model, and the CV mean is higher (0.75) (Fig. I0).Thus, the

Changes in opening rate and Gamma function parameters introduction of the canopy opening mechanisms seems to

(a and b) imply variations in the gap numbers (Table 2) 'ýe agg-egativy of the forest stand.

Gap number increases with tg but the mean gap area re

mains equal to 159.2 ml (SD = 6.8).Thus, turnover rate(*) 4. Dicussion and perspectives

increases and, consequently, mean age decreases because The study of tropical forest dynamics is based on the analy-

the toMal opened area of the forest stand increases with tg sis of three closely linked elements : first, the population

(Fig. 8a). The necessary time to reach a stationary mean size influenced by recruitment and mortality mechanisms

age (the"transient regimen") decreases as tg increases (Fig. and secondly, the diameter distribution or basal area which

8a). depends on the growth processes.The last element is the

Though the gap number decreases when the mean area of spatial distribution of the forest stand. Usually, we accept

the simulated gap increases (Table 2). the age distribution the following sequence :

of the forest stand remains unchanged because the total clumped juveniles -> random adults -> regular old adults

opened area is the same however it is split into individual

gaps (Fig. 8b). Mrnover rate = number of years it takes to cover

The coefficient of variation of polygon areas varies accord- a unit area of forest uwith gaps, using the average area
annually affected by gaps (Van der Meer 1995).

Table 1 : Simulated gaps features _________________

Initial spatial point pattern tg (%/step) a b

Poisson point process 5 1.42 1.00

"Muddled" periodic point process 10 1.97 3.00

Neyman-Scott point process 20 0.55 1.42

Table 2: Gap numbers obtained from different opening rates or gap area distributions

Opening rate Mean gap number Gamma parameters Mean gap area Mean gap number

(%Istep) (SD) (a, b) (SD) (m2) (SD)

for mga= 159.2 for tg= 10

5 3.9(0.19) (1.42, I.O0) 75.5 (4.3) 15.1 (0.75)

10 7.2(0.31) (1.97,3.00) 159.2(6.8) 7.2 (0.31)

20 13.8(0.69) (0.55, 1.42) 299.0 (20.2) 4.8 (0.34)
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7. 3.5!

4 2
18=10

it=20

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
(a) Time Iep (b)

Figure 8 Mean age of simulated forest stands. Curves are bounded by confidence intervals obtained with 30
simulations. (a) Effect of the opening rate when the mean gap area (mga) equals the typical value of 159.2 m

2
.

(b) Effect of the gap area distribution when the opening rate (tg) equals 10%/step

0,90,

0.85

0.60 F--:

0.65

0.55

0.50
0 6.5 1592 29.o 10 20

Mean gap eWea (m2) Openin rge (/step)

Figure 9 : The coefficient of variation of polygon areas as functions of(a) opening rate and (b) gap area
distribution.

1,2

0,8

S0.6

0,4

00 20 40 60 80 100 120 140 160 180 200

Figure 10: CV dynamics when the opening rate equals 1O%/step and the disturbance mode corresponds to a
intermediate case (a = 1.97, b-.3 00). Curves are bounded by confidence intervals obtained with 30 simulations,
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toi describe the changes in the spatial p tor of a forest Kante et &l. (11109) and Welden et al. (I1V00). exporing

plo with time (Kan"u 191111. Gavrikov & Stcyan I995). this form of competition Index on forest stands wopwi

This sequence results from a massive recruitment of seed- leas dhan 3M% of the growth variation of studied uses.

fopg which induce dhe formation of agregates in zones Indeed, one drawbeck of this approechis e.Iorvsng indi-

favouirable to sapling establishiment.The h~ig density disi'. vidual tre size, since doe polygon ares depends solely on

acterizing dies zones then triggers a self-thinning proc- the positions of neighbouring points.

ess in die plot due wo the competitive ine~on forre To conclude. die model presented in this wardce introduces
sources So, as time idvaces~we observe a rpliobn phe- a new way to stud doe forest dynamics widh spatiotemporal

nomenon between individuals leading to a regular dmn models (Czira & bartha I992).Voronoi diagrams offer
bution of the forest sand. die oportunity to analyse siniulsaneouisly die -pta pet-
This theoretical scenario is not always verified and te tern of die forest stand and die local competiton pres-

undeirlyn mechanisms are not always known.Typically, in sure occuring between treesAn examnple of such aVoronoi

die above time sequencefgap influence is not considered. forest model led us to highlight die determinant role of

The studies reelied on French Guiana forests suggest die gaps in generating an aggreptive spatial pattern of trees.

intervention of at least four factors in the spatial To analyse the effect of intrindividuel competition on spa-

swtructaton of die forest stand :competition between tiW pattern and diamete distribution, in further work we

individual tr~ees, seed dispersal, soil features and caniopy will introduce a growth process in our model with a com-

openings. petition index that considers both polygon area, size of

Ascanopy opnig ar rptosznsfrrcutet the corresponding tree and size of its neighbours.

we test the hypothesis of an increased aggregation inten- Acknowledgements
sky in disntred forest.The results give an average CVO0.75 WewudlktohakKPvanC.G tirbthp-
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Abstract this requires • •e consideratio of the im m-

Computer mdlanalyses of climate change impacts; are pact of climate variability and charge.

data intensive due to the spat-al and temporal dimensions Te most eflent way of dealing with climate impacts over

over which climate operates Data intesity proves a ma- time and space is throug the use of computer models.
lor constraint in the design of such climate models. For H . th developmet of c models for ci-

policy oriented climate modes dois constraim prov criti- mate impact assessment is fraught with cuky. Due to

cal.gven the lower specilkatiom computer hardware readily die spatial and temporal nature of the analyses. such cli-

available to decision makers.This paper diacusses the use mate Impact modes usually process data over at least two

of spatial data orderings in combination with ruflunu dimensionai spaceand thus tend to be data intensive.Typi-

encoding to spatially compress climate data. Experiments cally, information systems store and manipulate one di-

have beery conducted which test die appication of various mensional data. Datthee fore. proves to be a bottle-neck
data ordering schremes to the storage of climate data for in many climate impact models, requiring significant
New Zealand.Australiand Balapade'The rmeults ofthse amounts of storage space and fast computer hardware

experiments are presented. (notably disk drives and processors). As such, research is

necessary to improve the design and implementation of
1. Introduction data structures and algoridms for the management of spa-

Under tde Framework Convention on Climate Change, tially referenced climate data This paper examines tech-

signatory parties have an obligation to report to the Con- niques for the storage of spatial climate data.Attention is

ference of the Parties regarding dtr vulnerability and adap- focused on the use of various data orderings in combina-

tive capacity to climate change.This places reporting coun- ton with run-length encoding (RLE) to reduce storage

tries in an awkward position; policy makers are advised requirements. O

that the greenhouse effect is real, and probably already

occumng, but they often have little quantitative informa- 2. Integrated Assessments Models - the
ton on the impacts of global warming on which to base context

their assessments.To make informed decisions, policy mak- As noted, there is an, immediate need for policy decisions

ers need tools which enable them to estimate the impiia- on how to prevent or adapt to climate change. For this, 0
tions of climate change over a wide range of policy op- information on climate change is fundamental. However.

tions, and which can provide a concise overview of the the most scientifically advanced climate models, general

uncertainties surrounding global climate change (Hulme circulation models (GCMs), are too computationally de-

et al.. 1994; Dowlatabadi and Morgan, 1993). Importantly, manding for such purposes, generally requiring large
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amouno tsn of computear procesale power and dinii. Essen. agon of climate variables) in lie year incremmits to the

tieIII the complexity of such models makies tiem more yea 2100.Thms images are. in turn used as input to the4

suited to scientific auieIyse, rather than for direct use in sectoral bimpact models For a more complete description

policy or impect anialysis which tend to r"q-r multiple of this methodology see Kenny et at(1995) and Wwridc et

mode runs.dMdlo Naldispendreslm ution ofGCP~s is Lt (199%).

often too low to prove of any/ real benefit hor nationail or I einn uhntoalsaeitgae oes ti
local scale policy or impact analysis. Finally. GCMs diemn- Wpratt osda opttoa Sw- oiy

selesy little about biophysical and socko-economnic im-
pact ormitgaton nd deptio opkm-oriented tool should allow multiple expw~ermet to be
pactsin ordyd mitigwino sesndvt analayson opios vari-~

To overcome this methodological pp. a new class of kit&- ous model inputs and assumptions. However~ many inte-

growdasessment modet(IAM) has evolvoed (Weyant at al, grated models are designed to run on desktop computers.
19%). Such systems combine climate. environmental and The reduced processing powe memory and secondary

soclo-economeic impact models in order to provide tie storage (disk space) of desk top computers is a determi-

flextibility to evaluate die elfects of climate changei and van- rent of die spatial and temporal resolutions at which the
ability Often, these systems integrate subjct-v exper software operates as well as of die scientific complexity

judgement about poorly understood parts of the problem, of the mnodel. Thus, there is a need to increase compute-

with foriia analytical trasetof the well understood tional efficiency Some techniques. researched in die con-

parts (Dowlatabadi and Morgan. 1 993). These LAis typi- text of national-scale IAM development, are discussed be-

cally attenmpt to capture the most salient features of more low.

ad~vanced climate models insa reduced-kirm. or as results

generated off-line and used as mode inu aa Mdlrt 3. Spatial data-strucures
inherent in IAMs, ensures the software is readily upsdated 3.1 Run-Lngh Encoding
to reiflect scienifi advances.The most comprehensive and Man fetrs hc rempe change gradually over

compex ersons f l~s e th hihlyallgegaed lo- space. If such a feature is mapped in a raster fomiat, there
bal-scale LAMs (eg. IMAGEAlamo et ol.. 1994) is a probability that neighibouring cells will have die same

At a national scale, simpler integrated models are being attribute value.As such, raster maps and images generally

developed for New Zealand (CUMPACTS). Bangladesh have som degree of hooeneity (Bell et ol., 1988). The

(BO-CUM), and Australia (OzClmir) (Kenny et al.. 995S; degree of homogeneity depends on important factors such

Warrick et al.. 19%). The purpose of these models is to as the spatial variability of the feature and die resolution it

examine the spatial impacts and seso e ofvriu is being mapped at. Figure I illustrates a simple map, and a

sectors (in New Zealand, for example, pastoral, horticul- possible raster representation of this map.Although this is

tural and arable cropping sectors are examined) to cli- an example, it illustrates that often cells in a raster image

mate variability and change.The models can be viewed as have the same value as a neighbouring cell.

a graphic user interface that provides a structured route If the grid is read from left to right (row order) it is evi-
through a collection of climate and sectoral impact mod- dent that there is repetition of data.Table I illustrates the
els. In essence, they operate by coupling a simple global one dimensional row order representation of the above
climate model (MAGICC - Model for the Assessment of grid within a file. As can be seen, there is considerable
Greenhouse gas Induced Climrate Change, see Osborn an redundancy in the file due to repetition of values.This is
Wigley (I 94);Wigley and Rapetr,( 199),Wq*e and Raper. common in spatial data with some degree of homogeneity.
(I "3);Wjky. (1993); lHulme et al.. (1994)) with a regional Run-length encoding (RILE) takes advantage of tiomogene-

climate change model to generate scenarios (raster im-
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Figure 1, Raster Representation
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Table 1. Row Order File Structure

-9910 3:2 -99-8 3:2 -99-8 3:2

Table 2, Rou Order File Structure with Run-Length Encoding

ity in data to reduce the amount of disk space necessary one dimensional (Mark, 1986). No linear (one dimensional)

to store the data (Eastman. 1992a. Eastman, 1992b; Holroyd equence can preserve, and therefore benefit from. all spa-

and Beg, 19•2; Goodchild and Grandfleld, 1 983;Abel and tial properties of geographic data (Mark. 1986). Using RLE.

Mark. 1990). When writing a raster to file using RLE, rep- longer run-lengths will result in less storage requirements.

etions of values are recognised. Instead of writing each Intuitively then, one would expect orderings which attempt

individual value to the file (as in the above example), as to best preserve spatial relationships to increase run. P
each repetition of values is encountered, the value is writ- lengths and reduce storage requirements.

ten once along with the number of repetitions of it (e Experimentation with data orderings is often credited to

run-length)A record can be eliminated from the file when- somewhat obscure work carried out by Morton in the

ever a cell has the same value as the cell previously proc- mid 1960s for the Canada Geographic Information Sys-

essed.Table 2 illustrates the row order representation of tem (cited in Mark. 1986; Goodchild and Grandfld, 1983;

the above grid using RLE. and Lauzon et a., 1985). Morton's order, which was pub-

lished in an internal report for IBM Canada. allowed cells
3.2 Data Ordering which are close together in two dimensional space to be

A raster image can occupy different amounts of storage placed in similar positions in the linear sequence of the file

depending on how it is structured and ordered.To benefit (see Figure 2c). Further research into data orderings was

more from RLE and reduce storage requirements, homo- undertaken by Goodchild and Grandfield (1983) and Abel

geneity can be increased by using different data orderings. and Mark (1990). In Goodchild and Grandfield's experi-

Geographic data are essentially two (or more) dimensional. ment. four data orders were empirically tested to deter-

whereas computer storage and processing are essentially mine their compression capability. Goodchild and

H JU [lU~~~~~l JII1H U
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(a) Row Order (b) Row-prime Order (c) Morton Order

(d) Hilbert Order (e) Column Order (f) Column-prime Order
Figure 2, Spatial data ordenngs (after Goodchild and Grandfield, 1983)

Grandfleld tested row order row-prime order, Morton and Mark (1990), found row, row prime and Hilbert or-

order. and Hilbert order (Figures 2a through 2d). derings to be of equivalent performance, and sugested

From Figure 2. it would appear that both Hibert and could by reduced by approximately 40% when

used in combination with RLE.
Morton orders help to preserve the spatia relationships

of the two dimensional raster in the translation to a one 4. Application to climate data

dimensional sequence, and, as such. longer run-lengths can

be expected. In the experiments conducted by Goodchild Following the work oudined above, experiments were

and Grandfleld (1983) boolean images with varying de- desigled to test the relative merits of six different orders

grees of spatial homogeneity were used to test the corn- for the storage of climate dataThe experiments differ from

pression capabity of the various orders.Their results in- tse described above; rater than encoding boolean in-

dicated that for images with a high degree of local spatial ages, multicoloured images were tested. Raster images

homogeneity, storage could be reduced by up to 60% us- corresponding to annual precipitation (total) and annual

ing Hilbert orderand 25% using Morton order, as opposed mean monthly temperature for the North and South Is-

to using row order. For images with little spatial homoge- lands of New Zealand, Australia, Queensland, and Bangla-

neity their tests resulted in approximately a 5% reduction desh were used to test the orders. Each record (cell) in

from Hilbert order and a 5% increase from Morton orde, the input images contains a four-byte floating point value,

over row orderA comparative analysis, undertaken byAbel recording either its total rainfall or mean annual tempera-

ture.
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Th stest images chowi DaumSata Cels Bcgon

were selected from thse Resoludori Cobl

databases of IAM cur- Not4sad 00 2711SB
Nort Isand .0522.71 1,08

- wide- -

a,. therefore the results South Island 0.05 29.141 22.423

of die experien ar i Australia 0.2 24.249 12.916
rectly relevant toonog

research for naoa-cl Queensland 0.06 22,185 3,418

IAM development, Sum- Bangladeshi 0.05 12,50 7,736

nWry dM5t P~f5iiriun to 7Zsble 3, The sample images

each the test rinages can inFigure 3 and 4 aid interpresation of the resuitt. From
be seen in Ta" 3.

thme.e we can see that the differences in the comparative

The record structure for the W file consists of a se- perflormance of the orderings are actually very small. Geni-

quence of five byte records. a four byte colour value. fol- erallA for both climate variables, row and row prnme or-

lowed by one byte recording the run-length. Due to the ders provide the best compression, followed by columrn

overhead of storing run-length. it is possible to actually and column prime, Hilbert. and lastly Morton order. it is

increase • he storage requirement for raster images with interesting to note that, in mos cae the two dimen-

little or no homogeneity The decision to allocate one byte sional orderings; (Morton and Hilbert) are outperformed

to the run-length variable involves a trade images with by the other orders. This is most likely due in part to the

a low degree of homogeneity will often not reach the up- fact that the two dimensional ordering are quadrant re-

per run-length limit (255). and therefore increasing the size cursive, and therefore each imrage needs to be transposed

of this variable would increase the size of each record in onto a grWd with x andy dimensions of 21, thus increasing

the file. On the other hand, images with a high degree of the number of cells that need to be encoded.

homogeneity will ofen reach the run-length im a - T Bagdesh ages show the largest range of com-

qpression over the six orders.The most effective orderings

The four orders discussed above were tested, as well as are row and row prime for temperature, and conversely

two others,~ column and column prime ordering (Figures for precipitaboio the most effective orderings are column

2e and 2f). Column and column prime ordering operate and column prime. This would seem to indicate the flat

similarly to row and row prime ordering except that the topography of Bangladesh has less influence effect on the

traversal is from top to bottom rather than left to right climate and therefore slog latitudinal and longitudinal ga-

Column and column prime orderings were included as it dients exist for temperature and rainfall respectively.

was expected that they should perform best when thee

climate data has some degree of longitudinal gradlent (-. truang ro w th crimte fu rithe, land cofi e rence boe n
theovaerso v ryand rowe prime, ordering, ad heolun ndr col um

Sthe valuesvaryless overiateitudes tha theyd-o, over onith yprime orderings is apparent This can be explained by the

Vode). fact that all the images, except Queensland, have a land

S. Reultsmats surrounded by background values (usually a coastal
p. Rer zdtS or country boundary), and therefore the colour values in

The results from the experiment ar illustrated in Table 4. the images are completely surrounded by background val-

The values in this table represent the percent reduction in Lsa. In effect, this diminishes the differences between the

the runlength encoded file from its original size.The graphs row and column orderngs and their p ime variants. In the
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Raw RM Ckwm C*AeM uuOtmts Hdw

NorthlsWand 73.50 73.50 73.47 73.43 7113 72l34

South slan 70.57 70.57 70.42 70.42 69.35 69-69
Austr-alia 40.95 40.90 40-60 40.60 39.04 39-78

Quesad-2.67 -2.23 -2.6S -2.47 -4.88 -3.57
llngladeh 65.40 65.39 59.26 59.26 55.46 62.47

Nordi Islan 73.50 73.50 73.44 73.40 71.80 72.33

Saudi Isand 70.51 70.51 70.32 70.32 69.24 69.58
Australia 41.76 41.71 41.38 41.38 39.70 40.62
Queensland -3.18 -2.67 0.88 LO05 -3.43 -2.27
Bangladesh 51.16 5SIA5 58.71 58.71 S3.61 54.87

hbbLe 4, Percentage compresswn of individual images

80.00

70.00 ERow M*RowPrime
E3Column M*Columrn Prime

60.00 U Morton El-ilbert

~50.00 I
0 00

340.00

0

4 20.00

10.00

0.00 M 3

-10.00 1North Island South Island Australia Queensland Bangladesh
Figure 3, Percentage compression of temperature images

case of the Queensland images, the differences are more particularly low homogeneity of the colour values for the

pronounced, and for three of dhe four casts the raw and particular images. However, it is more likely an indication

column orderings are less effective than the prime order- that, in terms of reduction of actual colour values, little is

ings. to be gained through any form of data ordering and run-
length encoding.The graph in Figure 5 illustrates the rela-

In all cases die Queensland images fail to compress to a tionship between compression (based on the average corn-
size smaller than the original file. This could be due to pression of all the orders) ofa given raster and the number
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Figure 4, Percentage Compresison of Precipitartion :mages

of background cells.As would be expected, a relationship and this variability undotibtedly influences the poor run-

exists. as backgroiud cells are often contiguous and of the lengths of colour values.Additionally. factors such as spa-

same value, therefore large run-lengths should result How- tial resolution of the encoded images will often affect ho-

ever, the relationship is very strong, and in effect, the lack mogeneity - a high resolution image will have a greater

of variation from the fitted line indicates that for the ex- degree of spatial auto-correlation than the same image

perimental images there is very little spatial homogeneity gridded to a coarser resolution.

(and therefore compression) of the coloured cells. Another possible contributor to the poor run-lengths for

the coloured values lies in the nature of the tested data.
6. Discussion Most images of climate variables are interpolated using

Climate is driven by solar energy. It is well known that the mathematical procedures from meteorological station

amount of solar energy received varies latitudinally; the weather records.The nature of some of these interpola-

closer one is positioned towards the poles the less energy tion algorithms tends to produce images which vary over S
is received. From this, we could perhaps expect a low de- space between the original site data, sometimes in an un-

gree of latitudinal homogeneity with climate dataand there- realistic manner. and fail to adequately represent regional

fore a row order traversal (longitudinal) would result in or local scale climates. This is most evident in interpola-

longer run-lengths.This could perhaps explain why the row tion algorithms which treat the climate parameter as an

and row prime orders marginally outperformed the other independent variable (such as inverse distance weighted
tested orders. However, in reality, the problem is not that algorithms). More advanced techniques, such as co-kriging

simple. Climate is highly variable over both latitudinal and (Bogaert et al.. 1995) or partial thin-plate smoothing splines

longitudinal dimensions, due to the influence of factors (Hutchinson. I995) include the influence of variables, such

such as topography, orography. continentality. and oceans, as elevation, in the interpolation. Often, this type of ap-
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Figure 5, Relationship between compression and number at background cells

proach better captures the spatial variability of climate, graphic referencing is retained implicitly in the images used

and one could expect a higher degree of spatial auto-corre- by the climate model (for example, if the climate model

lation in the interpolated image. Further :o this, interpo- makes use of images with differing resolutions, projections,

lated images are only as good as the quality of the point or geographic windows), and the images contain a reason-

data they are interpolated from. Low density station net- able number of background values, then the use of data

works and erroneous site records produce poor quality orderings and RLE are worthy of consideration.

images with more spatial variability.
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1. Abstract Many current transfer problems stem from the existence

Recent developments in GIS have focused on the need for of the legacy file formats and complex data transforma-

technically unrestricted interchange of both spatial data tions required for usability. A similar inefficiency and du-

and traditional GIS operations and analysis. In this paper it plication can be seen in GIS functionality (Astroth 1995).

is asserted that while research in these fields are well ad- Because of these limitations, Astroth argues that the po-

vanced. parallel developments in the area of collaborative tential for the further integration of spatial resources has

spatial process modelling development are becoming more been restricted. While the current developments of the

reliant on free exchange of both data and models. It is Open GIS Consortium (OGC 1996) in particular would

suggested that as these two fields of resear- ) advance, the appear promising, the extent of this problem suggests that

distinction between the two will be blurred. A proposal is much more work is required. In this paper, a brief over-

put forward for the construction of a system-independent view of Open GIS will be given followed by the highlight-

spatial process modelling tool capable of integrating the ing of some developments in the area of data and process

transfer of data and operations as well as other process transfer. The paper will then focus on some recent re-

modelling functions to complete desired outcomes, search findings in spatial process modeling before propos-

ing the development of a process modelling tool that at-

2. Introduction tempts combine the two fields.

The development of techniques for access and utilisation

of remotely distributed spatial databases via global net- 3. Open GISit a

works is potentially a'great leap' for the GIS field (Thoen Interoperability

1995). The potential benefits of research in this area are The vision of the Open GIS consortium is'...the full inte-

the construction of platform independent methods of spa- gration ofgeospatial data and geoprocessing resources into

tial analysis incorporating the convenient and transparent mainstream computing and the widespread use of

integration of disparate data sets, and real-time display of interoperable, commercial geoprocessing software

queries. In addition to the clear benefits of research in throughout the information infrastructure' (OGC 1996).

this area, further use of closed proprietary vendor for- The proposal is made that GIS software development take

mats is being seen by many organisations as a restrictive the form of'plug and play' modules leaving the user free to

practice adding to the desire for open systems (Ayers select the best component to solve a specific problem

1995). (Glover 1995).The principal thrust behind the Open GIS
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kup. Data no Process Data and Process

D Uunt Dataset Object (Dataset or Lower)

Cmu~u edsu Blind (One Way) Negotiated (Two Way)

mIn Target System In Server or During Communication

7Tble I - Diflerences Beteen Tr'ansfer and Interoperabiit9ly fom (Glover 1995)

initiative is the development of GIS interoperability (transfer One solution to the current proprietary format exchange

of data and process) rather than just the transfer of straight problem, is the use one of a growing number of spatial

data. Table I details the differences between the transfer data interchange software package such as FME (1997) or

of data and interoperability. Blue Marble (1997).

'lnteroperability' allows for the analysis of data in addition 'The Feature Manipulation Engine (FME) is a sophisticated

to the straight exchange.The transfer of these two corn- configumble spatial data processor and transotor.The FME

ponents (data and process) will now be examined with ctates powerful interoperabiltq between diverse systems,

discussion on some of the related issues, and the most and can be used as the backbone of an on-demand map-
promising route for future research, ping system.' (FME 1997)

If this type of development is a prelude to future initiatives

4. Transfer of Data by other solution providers, and more particularly. GIS

"Data are the raw facts entered into the computer" (Shore providers, then this is evidence to suggest that vendor data

1968,plO). In GIS terms, data has traditionally been viewed integration research is progressing favourably. This is con-

as the'raw facts' in the structure of fixed proprietary ven- sumer driven and reflects a changing attitude towards the

dor formats. These formats have resulted from the gen- importance in sharing data resources (Marr 1996).

eral evolutionary nature of GIS development itself. Be-

cause of the 'barriers' (Glover 1995) created by use of 5. Tr'ansfer of GIS Operations

different non-interchangeable vendor formats, efforts to Albrecht (1996,p36) derives a 'conclusive list of Universal

overcome these differences have traditionally been time GIS Operations' shown in table 2. According ro Albrecht,

consuming, difficult and resource intensive. While the de- these operations represent the building blocks from which

velopment of interchange standards such as the Spatial Data more complex operations may be constructed. These

Transfer Standard (SDTS, USGS 1996) are useful for bulk operations were identified byAlbrecht from the processes

transfer, their use is very limited when attempting online commonly found in existing GIS software and have each

transfer (Ayers 1995). This is because the use of a stand- been defined algebraically. Algebraic specifications were

ard .... requires an extra step, can lose data and create chosen because they are relatively easy to implement by a

inaccuracies, and requires a lengthy import process.... functional programming language, and provide unequivo-

(Ayers 1995,p60). cal function definitions.

Recent developments, possibly spurred on by the Open Once these operations have been defined in this manner

GIS initiative (OGC 1996) have seen some software yen- it is suggested by the authors that a maior step has been

dors starting to tackle this problem (Strand 1996). The made towards the free exchange of GIS operations. Since

GeoMedia product launched by Intergraph in March 1997. mathematical definitions exist for GIS operations, a good

features limited data access to other vendor formats, foundation has been made towards the creation of sys-

through the data warehousing capabilities (Intergraph tems for the remote control of these primary operators

1997). on host spatial databases. Alternatively, mechanisms may
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Search Inte'P014tion; Search-by-region;, Search-by-attribtx•e; (Re-)Clasification

Lctoa Anlyi Buff'r; Corridor; Ole-IarVomnoi/Tiesse

Terrn~ain h Slop@/Aapec Catchme~nt/Basins; Dran81Network;ViewShed

D4sbtln1Nehb0Urhod CostDsifusion/SpreMd; Proximity;, Nearest-Neighbor

aI eI Multik'ate analysis; Pattern/Dispersion; Centray/CorecW ,ss; ape

l ~___ Measrements

Table 2 - Universal GIS Operators from (Albrecht 1996)

be put in place to send locally stored operations to act on First. to simulate and predict based on observed proc-

the remote data assuming security is not compromised. esses, and second, provide detailed understanding of the

This is analogos to the use of Java applets, but are too inter-relationships among variables and processes described

restricted in their operations on the client machine, by the model. Simulation modelling must '...describe, ex-

plain, and predict the behaviour of the real system' (Hoo-

6. Spatil Process Modelling ver et al. 1989,pS) and'...requires that the model indicates

There are many actual and potential applications for spa- the passage of time through the change in one or more

tial process modelling, and as such, research into the con- variables as defined by the process description' (Ball 1994,

struction of generic process modelling tools and methods p347). Ideally, in an integrated geographical modelling sys-

with maximum useability and flexibility are preferable. Parks tem (GMS),as described by Bennett (1997. p337),'...users

(1 993) recognised that the majority of recent spatial mod- should be able to visualize ongoing simulations and sus-

elling research has focused on environmental issues. This pend the simulation process to query intermediate results,

appears to have resulted in a bias towards environmental investigate key spatial/temporal relations, and even modify

modelling development as presented in the literature. It is the underlying models used to simulate geographical proc-

argued here that much of the work reported has general esses'.

application and thus no distinction is made. The limited development of these models in the past is

There is great potential for spatial processing software according to Maxwell et al. (1 995, p247) due to '...the large

that integrate the benefits of GIS with the process analysis amount of input data required, the difficulty of even large

capabilities of modelling software (Abel et al., 1997; Bennett mainframe serial computers in dealing with large spatial

1997). Parks (1993) argues that with appropriate planning, arrays, and the conceptual complexity involved in writing,

modelling and GIS technology may '...cross-fertilize and debugging, and calibrating very large simulation programs'.

mutually reinforce each other' (p3 1) and that both will be An accepted method of reducing program complexity ar-

made more robust by'...their linkage and coevolution' (p33). gue Maxwell et oL (p251) involves'...structuring the model

According to Abel et al. (1997), this integration in the past as set of distinct modules with well-defined interface.'.

has been technically difficult to achieve. Abel et al. (1 997, Maxwell et a0. suggest that the use of a modular hierarchi-

pS) argue that many examples of GIS and modelling sys- cal approach permits collaborative model research, and

tems integration'..are typically specific to the component simpler design, testing, and implementation. Bennett (1 997)

subsystems and to the narrow application focus of the in- and Maxwell et al. (I 995) advocate the use of modelbase

tegrated system'. management systems to store, manipulate, and retrieve

models. Bennett (p339) states that 'by managing modelsBall (1994. p346), defines a good model '..as one that is
like data model redundancy is reduced and model con-

capable of reproducing the observed changes in a natural

system, while producing insight into the dynamics of the sistency is enhanced'.

system'. This implies that the model has two functions. Maxwell et al. (1996) suggest that one way to develop sim-
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p-er process model design tool is to construct suitable sion. and visualisation.These sel contatned modules would

graphical interfaces for the display and manipulation of be able to be enhanced and replaced as required without

structure ana dynamics. Aibreche et at (1997, p 158) sug- affecting the rest of the modelling system. This modelln

gest the use of a '...flow charting environment on top of system is viewed as a consolidation and extension of the

existing standard GIS that allow the user to develop SPMS modelling system (Mann, 1997).

worlows visually.. In addition Bennett (1 ) and Pars For illustrative purposes, a very simple model represent-

(1993) assert the need for artificial intelligence, expert ing a standard cartographic modelling process has been

systems. and agents to guide non-expert users in te a shown in Figure I. The purpose of this model is to select

propriase handling of these tools and reduce the need for suitable parachute drop sites given specific cniteria relat-
the writing of complex computer code. ing to maximum ground slope, and proximity close to or

7. Major Issues Spatial Process aw•yfrom, air corridors, access roads, and waterways. Fig-

Modelling to be Resolved ure I represents a screen shot of a non-functional proto-

type of a model design and construction interface and one
Besides the difficulties in linking GIS functionality to proc- of the services in the modelling system. The current ver-

ess modelling software discussed in the previous section, sion of this interface is written in Visual Basic, but is cur-

there are potential problems in the standardisation of proc- rently in the process of being converted to Java for maxi-

ess model description. This is highlighted by Abel et num cros-padorm portability The dam converson serv-

aL.(1997) who recognises the need for compatibility with ice will be provided by FME (1997). To enable this, a spe-

legacy models and identifies the requirement in many cases cific interface will be constructed between this, and the

to 're-use' rather than 're-implement'. To promote inter- model interpretation service. FME, does have the minor

nationally collaborative development of sophisticated limitation in that it is pladorm dependent requiring Solaris

modular process models as supported by Maxwell et al. Wdows9S/NT but it is believed that with the use of

(1995), there needs to consistency. More specifically, if tlfcontaned services. future versions of the software may

there can be agreement on the format of a modelling lan- remove this limitation.

guage. then unrestricted development of modelling tools

may take place. Other areas for further research include Using this object based interface, the user is able to place

the need for transparent access for spatial modelling tool objects from the menu onto the modelling ares. The ob-

during operation to high performance computers, support ject may take the form of data inputs, data outputs, spatial

for differing spatial representations, and temporal dynamic operators (defined by Albrecht 1996), and mathematical

modes (Maxwell etal.. 1996). In addition to these improve- operators. In addition other specialised objects include

ments, Bennett (1997) argues the need for developments time constraints and other sub-modelling components.

in four-dimensional data structures, improvements in sci- Links are drawn between the objects, but these serve only

entific visualisation, equation generation, and model vali- to indicate the sequence of processing steps which may

dation and calibration, be forward or reverse (which provides feedback loops).

In this example, the four inputs, slope. airspace, road, and

8. Spatial Process Modelling System II hydro. are linked to either a buffer or overlay spatial op-

It is proposed to construct a system to design spatial proc- eration. concluding in the desired output. The required

ess models, permit sharing of model structure, and ex- parameters for each object may be specified by clicking on

ecute the process model on user selected data.. The func- an objectThese parameters vary according to the nature

tionally independent components of the system will in the of the object

form of services. Services will initially comprise model de- Once model design has taken place. it is intended that the

sign, model interpretation GIS operations, data conver-
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structure may be distributed widely and reused. A poten- The development of highly sophisticated spatial process

tial user may receive the model structure file, and either modelling techniques, involving the modular and distrib-

include it in their own model construction or send it to uted amalgamation of GIS and modelling software capa-

the implementation service. When opened the implemen- bilities is progressing rapidly. At the same time research is

tatior, service reads the file and determines the required continuing into GIS interoperability. representing the un-

inputs and outputs, before creating a dynamic interface for restricted exchange of data and process.
the specification of required data sources. Figure 2 is a

In this paper the role of spatial model interchange in rela-
non-functional example of such an interface as it would

tion to the transfer of spatial data and operations has been

relae tothe revius prachte dopsieiprblem

relae t th prviou paachte ropste robem.discussed. Analysis of the features of both suggest a blur-

In addition to the specification of data sources and desti- ring of the differences between interoperable GIS and ad-
Snations, the interface would also provide detailed model vanced spatial prcs oeln ytm.A ptnilcn

Sprces moellng ystms.poihtenilc -

iIdescriptions and limitations, and options for how the ceptual strategy has been discussed, that would integrate

processing should proceed. This format will allow users some of the more recent research and tools, to advance

to insert their own data for full utilisation of the model, the knowledge in this area. For the success of such a project

There are a significant problems to be resolved such as it is recognised that ongoing work in the interchange of

data type specific processing, security, mets-data, and ver- data and operations is paramount

sion control.
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Abstract range from providing a simpl methodology to allow the

The integration of existing modeling and geographic in- cohesive operation of the separate information systems,

formation systems (including GIS) is an important actvity through to providing a high level language and data model

that enhances the value of these systems. In this paper, we that encompasses all the operations and complexities of

present a simple and comprehensive approach for the each separate information system (e.g.,the "Universal GIS

integration of separately developed software systems.Any Operators" described by Albrecht (1995) and the Open

information system can be integrated using our method- Geodata Model of the Open GIS Consortium (1996)).

ology without the complexities introduced by providing An example of the need for integration is found in the

an interpretation of a universal language.The design of our urban modelling area.Wegener (1994) surveys the state of

integration methodology consists of four separate com- the art in operational urban models. In the survey several

ponents. the protocol for communicationa message queu- different urban subsystems are identified and several ur-

ing system, wrapping software and an integration manager. ban modelling systems are identified that model some or

Relevant conceptual models and implementation tech- all of the urban subsystems. There is a strong interest in

niques are discussed in the paper.We also describe some being able to integrate these models with GIS.Also, where

examples of the software we have successfully integrated models do not cover all urban subsystems, there is a need

and present an example script for managing a simple inte- to be able to integrate the models so as to increase the

gration activity. number of subsystems covered.

I Introduction In this paper, we present a simple and comprehensive ap-

Currently there are many spatial database management proach for the integration of separately developed soft- S

systems (GIS), aspatial database management systems and ware systems. Any information system can be integrated

modelling systems used in modelling activities. In general, using our methodology without the complexities intro-

these software systems are, and have been, deeloped in- duced by providing an interpretation of a universal Ian-

dependently with their own specifications. interfaces, data g "

models and data types.As it is often the case that informa- An example of such complexity is the need to translate S
tion and operations needed for a particular task exist in the universal language into a language understood by an

separate information systems, there is a need to integrate individual information system. In the research area of fed-

these information systems.We note that there are many erated information systems based on relational and oblect

different mearng given to the term integration. These oriented databases the translation process is less difficult
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as the aleady exist standard lagullogs such as SQL and the abily to access the modeInW systm (proma,) avl-

OQI. understood by nmosif not all. databses that need bea eetmoruinsses t sIprattaC)be in e r t d Gie this .ifact . dim ta d. tg,.O. ablge in different h•on am vyý i is im n cý r that

to be integrated. Given his act, dw the inaton there exists the abiy to control the integration process.
process the developer can concentrate on other prob- i.e. there is a need to provide for dte speciaion of dte

lems related more specical to the data and data struc- stp requid to perform a given tsk needi integati

t (such as schema translation and schema integrati•o separate s oftwaresysrform Curranho we amr not gn-

(Sheth & Larson 1990)).hen inte sup- mediatly concerned with the provision of a user inter-

porting geographic information systems and modelling face at present we provide an interpreter for a small lan-

the, is seldom a common language to the systems being CuAe to manage the itgration process. EvMnualy, we

integrated. This means that the developer must be con- intend to provide a"drag-and-drop" type interface linling

cerned with the language, data model and data structures models to data sets However, to provide such an interface

of each system.This is a primary difference from the stand- we will need to address issues reated to pr a uni-

ad requirnents for the s tion of relational or ob- versal language for integration. Another issue that is be-

jec oriented database systems. yond the scope of our current implementation is security.

The OGIS guide (Open GS Consortium 1996) i&,de m This includes concepts relating to the rlght to use the

several software layers in the design of inugration soft- data and sfwr and auditing of such use.

ware.These include. the Presentation layer, the application 2 Bakrund

and application server layer, the spatial data access pro-

vider layer, the database layer and the hardware and net- 2.1 Conceptual Models

work layer. Our proposed methodology concentrates on Integration Of existing software systems has been the sub-

the implementation of the application and database layr. iect of much recent research. In particulrAbelTaydor &

We do not directy address the important issues relating Kuo (1997) develop a theory for the integration of model.

to td op of a high levellanguage and data model ling systems for environmenta management inftormaon

of the spatial data access provider layer. It is significant to systems. In the model several generic concepts relating to

note that to be able to integrate information systems at a software integration are identified. The concepts of an

high level, there is also a need to integrate to the level object. Problem, solved problem, solver; execution plan and

described in this paper. What we directly address in this a well-defined problem are all defined.A significant point is

paper are issues relating to the design and implementation that they equate the concept of a problem with the con-

ofa system that allows concurrent access to data and pro- cept of a query in a database system.A solver then pro-

grams (in their current form) provided in disparate infor- vides a solution to a problem in a similar fashion to the

mation systems. Most importantly, we use languages na- way a database provides an answer to a query.Their model

tive to each of the individual information systems to ac- provides a conceptual framework that enables both a S
cess the data and programs. proper description of a given integration activity as well as

There are many important issues to consider in the devel- a description of the software components used to develop

opment of a system to integrate disparate information a solution for an integration problem.

systems.These issues include, data access, interoperability, Wiederhold (1992) develops the concept of mediators for

integrai" process management, user interface design and information systems. The paper discusses an architecture

security. Data access encompasses the requirements for for an information system consisting of three layers~a user

transformation between data models and translation be- layer, a mediator lfer and a base layer (possibly consisting

tween data types as well as th communication of te data of multiple databases).The mediator layer of an informa-

between software systems. By inseroperabelity we mean tion system sits between a user layer and a base layer. It is
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the responsbily of the mediator beWr to accept requests. tinung. In a messagi queuing system there is a message

distribute the requests to the appropriate i.ormatio, -- queue associated with each Participating system. Using

tern in the base layer and collate and return the resu A me-ssag queuing a system communiats by placing mes-

request to the user b4e. The media layer may make sages on a queue associated with the system with which it

use of knowledge about dw request (and the data requied needs to communicate. The called system will then re-

to answer the request) to decide how to distribute the trieve the message from its queue when it is ready. The

request to the base layer. Buneman, Raschid & Ulman calling system is free to continue processing or wait do-
(1997) propose a"mediator language" in which it is possi- pending on its own needs. Hence, the communication can

ble to describe the datm structures and data models that be synchronous (as with the RPC mechanism) or asyn-

are part of a given information system. In addition, the chronous. Commonly, the calling program only directly

language allows for the expression of database queries communicates with a program, called the queue manag,

"•.:filch can then be passed to a given information system. whose specific duty is to manage the queues associated

Making an independently developed software system com- with each program.

municate often requires the system to be"wrapped", i.e..a Blakeley (Blakeley et al. 1995) defines a criteria for the

piece of software is developed that communicates to ex- selection of the appropriate style of communication. Sig-

ternal processes as well as controlling the systems being nificantly, the use of message queuing systems is mo:t ap-

integrated.The use of wrappers is a common component propriate when there is a mixture of application types, old

in a number of software architectures used for integrating and new programs and network types and where the pro-

software (Buneman et al. 1997. Ishikawa, Furudate & grams are highly independent.These criteria are common

Uemura 1997, Pap•konstantinou, Gupta. Garcia-Molina & with the requirements for integrating GIS and modelling

UlIman I 995,Wiederhold 1992). The wrapping software systems.

provides a shell around the software to be integrated, pro- Once a message queuing communication process has been

viding a point of access to the integrated software. established, each integrated process must be capable of

2.2 Implementation understanding the message it is passed.The usual method

Implementation of a system for the integrating software of passing understandable messages is to define a proto-

col.The definition of a protocol defines the structure andinherently makes use of pre-existing approaches that sup-

port the development of distributed systems software, interpretation of the messages that can be passed amongst

Examples of such approaches include the Remote Proce- the integrated systems. For example, suppose we have a

protocol containing a command "exec" with one stringdure Call (RPC) (Coiner & Stevens 1993), the message

queuing model (Blakeley, Harris & Lewis 1995). parameter that asks for the execution of the string it is

passed. A message "exec union covera coverb coverab"

In the remote procedure call paradigm, calls to procedures passed to anARCIlNFO process would instructARC/INFO

that do not exist in the calling program are passed to a to execute a union operation between the coverages a

remote program for execution. The calling program (or and b.

client program) then waits for the completion of the called

procedure before continuing execution (exactly as it would 3 Architecture
if the procedure was local). Data is passed to and from the Several conceptual models and methods for implementa-

remote program using a common data representation (such tion were identified in the previous section. Issues that we

as the External Data Representation XDR). Such a method considered important while designing and implementing

of communication is called synchronous, as the calling pro- the Integration software are:

gram waits until the called procedure returns before con-
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(I) the integration of new software components should appropriate system. Hemce, the communication between

require the mnimum amount of programming effort integrated systems is asynchronous. it is important to note

(2) the protocol for communication should contain the that we specify that the communication between a given

smallest set number of commands necessary to en- system to be integrated and the message queuing system

able integration (i.e..the smallest set enabling one soft- is synchronous. Figure I shows an example of the commu-

ware component to make calls to functions provided nacation between four systems.The communication at this

in another software); and level is asynchronous. Figure 2 shows the actual communi-

(3) there should exist some ability to control the integra- cation paths that exist for the abstract communication

tion process throuth the use of an integration language. paths shown in figure I. Messages from A to B are placed

on Ws queue. Messages from B toA are placed on A's queue.Q The third component consists of software to implement
th wrapping of the information systems to integrate. At

the moment this software is set up to communicate with

A the queue managerWe do not spt*. y the method of com-

munication between dv wrapping software and the sys-

tem to integrate as this depends upon the system being i

FAgure ? Asynchronous messaging betuwen process.

3.1 Components

The design of our integration methdology consists of four Queue Manager --*

separate components, the protocol for communication, a A B

message queuing system, wrapping software and an inte- (
gration manager.We begin with the definition of a proto- C ] D 5

col for which the separate systems communicate.To meet

the minimum requirements, we have developed a proto- t
col that includes methods to: establish and close commu-

nication; and execute programs and/or scripts.The param-

eters of the establish communication command include
Figure 2: Synchroncus mnessajging betu'iren processes

dt specific location queue manager and the location of and the queue manager

the process that is making itself available for integration.

The contents of the execute command is text understood For example. ArcView has the ability to communicate us-

by the integrated process.To accept and request data we ing the RPC mechanism, other software may not have this

make use of the existing file transfer protocol definition, ability or there may be some other preferred method of

The second component consists of a message queuing sys- commui .ication.The wrapping software does not interpret

tern. The message queuing system manages a queue for the string passed for execution. That string is passed to
the wrapped software for interpretation.

each path of communication that is established. Messages

are passed to the message queuing system from an inte- The fourth component of our design consists of the speci-

grated system and placed on the appropriate queue.They fication of a small interpreted language to manage the in-

then remain on the queue until they are retrieved by the tegration process.The basic elements of the language are

194 Proceeengs of GeoComputation "97&SIRC '97

V . . .

S..•: . ..; ....., . ..... ...... ...



Si~emuutitiein
I ! II ! I I 97 +

the commands, the open, exec, send and mode.The use of nections to diferent software systems can be defined, a

the open rommand allows for the definition of multiple single script written in the integration language can con-

connections to different software systems. Messages can tain a mix of t languages available to diflerent sotware

be sent to defined connections through the exec comn- systems.The mode commands provides a method to specify

mand. Such messages sent through the connection are the type of co o (synchronous -r asynchronous)

specific commands relevant to the particular software sys- This command is useful for the cases in which the process-

tem on the connection, hence, the use of "exec" for the ing of a gven script must be done synchronously. Finally.

name of the command. For example, for the connection the language also includes commands to send data to a

to an ARC/INFO session a message may contain a particu- connection and request data from a connection. Figure 3

lar ARC/INFO command or macro. As several open con- shows a simple script for running an urban model on data

mode.sync # Set to synchrcn.-,.s mode of communication mode.sync

# Declare connection to arc/info on machine scamper and

# an urban modelling package on machine daisy and buttercup

open arc scamper, um I daisy, um2 buttercup

# Export data in preparation for use in urban model

arc.exec workspace Jusr9/pmy/urban/in ;gridascii house house.asc;

gridascii pop pop.asc ;gridascii emp emplasc

# Send data from scamper to daisy and buttercup

send scamper:/usr9/pmy/urban/in/*.asc dsisy:/usr4/peoplelpmy/umdatalin

send scampei':/usr9/pfy/urban/in/*.asc buttercup:/home/pmylumdatalin

# Mode can now be asynchronous for the execution of models

mode.async

# Step the urban model by one step ... input parameter 0.05

um I .exec step I 0.05 house pop emp

# Step the urban model by one step ... input parameter 0.95

um2.exec step I 0.95 house pop emp

# Reset mode to synchronous (le wait for models to finish)

mode.sync

# Return stepped data

send daisy-dusr4ipeoplelpmyl/umdatalout/*tsc scamperiJusr9/pmy/urban/outl

send buttercup:/hometpmy/umdata/outt*.asc scamperJusr9/pmylurban/out2

# URe-import data 3
arc.exec workspace Jout I asciigrid house.asc house;

asciirld popasc pop ; asciigrid empasc emp

arc.exec workspace .Jout2 ; asciigrid house.asc house;

asciigrid pop.asc pop ; ascigrid emp.asc emp

# Compute the difference in the population values and gridshade it

arc.exec workspace oout ; grid ; popdliff = iouta I/population - .Jout2/population" quit

# Close connections

close umearc

Figure 3 A simple example script for integrating ARC/INFO with an urban modelling package
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stored in ARCJINFOThe model is run twice with a difer- ARC/INFO so as to enable it to be integrated with mod-

am input paramr er on dilerient machines. Note the two elling software written in the unix environment.ARCflNFO.

executions of the model are done simultaneously on dif- through its inter-applicatkio communication (IAC) provides

ferent machns. RPC connection to other processes.The wrapper simply

interprets the messages passed to it in the following wa. a
3.2 Implementation Process request for a connection starts ARC/INFO in a server

Given the components described in the previous section, mode; an execute command psses the string to the ARC/

the process of integration consists of two steps. First, the INFO session.a close connection request closes the ARC/

wrappers understanding the above protocol am developed INFO session. Some other software system that we are

for each the information systems.Wrappers can be imple- looking to integrate includes GENAMAP and IIlustra (an

merted in a language such as C or using a portable script- obKect-relational database management system).

ing language such as TCL while making use of tools such as

Expect for automating interactive applications (L 19). Another example can be found in our integration of

The second step is to write a script for controlling te ArcView (running on a Sun) and a piece of visualisation
software developed using the Performer toolkit (on an

integration process.This script is interpreted using the in-

tegration manager. SGI). This integration only makes use of the queue man-

age••ent software. Both ArcView and the Performer based
Use of the integration manager is not always mandatory. program act as clients to the queue manager.The integra-

For example, it may be the case that the software being tion of these programs was done for a specific project in

integrated can communicati with the queue manager with- which a polygon that is selected using ArcView is high-

out the need to use the integration manager. For example, lighted in a three-dimensional scene viewed using the Per-

ArctVw includes RPC classes and the wrapper understand- former toolkit.

ing the integration protocol can be built using Avenue.

Other Avenue scripts may also also place messages on the 4 Summary and Future Directions

queue of another process independently of the integra- In this paper we presented a method to integrate existing

tion manger. In the case where there does not exist some information systems.We did not require the implementa-

communication ability within the software being integrated, tion of a high level language for integration, but took a

it may be necessary to drive the process using the integra- more simplistic view of integration concentrating on mini-

tion manager. Consider integrating several executable pro- mum requirements necessary to enable communication

gramns that cannot themselves place messages on a queue. and sharing of procedures betwee systems. In our design

Such examples can be found in urban modelling where and implenmentation we have concentrated on issues re-

diferent previously developed software may be concerned lating to interoperability.The method is comprehensive in

with modelling different urban subsystems (such as trans- the sense that most (if not all) software can be wrapped

port and employment).The protocol we use does not have with software understanding the protocol we have defined.

the ability to initiate and control a series of steps executed

by separate software systems, To do so, we hafe intro- Other work on software integration for GIS and model-

duced the integration manger language. Scripts written in ling systems has concentrated on the definition of a high

the integration manager language de the ne y level language. data models and data structures for inte-

steps to perform a gien t gradon.We have not addressed specific issues relating to S
such languages. However, note that the high level languages

3.3 Examples would need to be translated into calls on the individual

Current. we have implemented such software to wrap systum.This may be possible through the translation of

the language Into the integration management language
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described in this paper. This transiated script could then lshikawa. Y.. Furudate. T & Uemura. S. (I99"nA wrapping

be interpreted using the software describe here. architecture for IR systems to mediate external struc-

Although, we have currently Imleene both th ne- tured document sources, in R. Topor & K.Tanalca. ads.

preter for the wrappers and maaement language in C. 'Dauabse systems for advanced appflications 1r7VoI. 6

there is no reason thtat we cannot use another language o of Advanced Database Research and Development Se.

implemrent these systems. In fact, we intend to in'iplement nies.VWrld Scientific Publishing Coa. Singapore,pp. 431 -

the interpreter as a Java applet enabling its use through 40

any systemn containing a Java interpreter (eg. Netscape). Uibes. D. (1994), Exploring Expect. O'Rielly & Associte

Inc-
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1. Abstract 2. Introduction

Modern airborne geophysical surveys are collecting large Airborne geophysical data has traditionally been collected

quantities of high quality data for applications ranging from for mineral and petroleum exploration studies, but in re-

mineral exploration to environmental problem solving.As cent years environmental applications have emerged as an

a result, there is a growing need for new interpretation important new application area for this technology.These

methodologies to maximise the amount of information new applications have in turn driven devel m

which can be extracted from survey data.This is especially more sophisticated data acquisition technology. This has

true in the relatively new environmental application areas been greatly facilitated by the rapid improvement in com-

where interpretation methodologies are not yet well es- purer technology over recent decades. *
tablished. Geophysical data acquisition and data processing have long

This paper reports on a research project in which spatial been fields which have made use of leading edge compu-

analysis with GIS has been adopted as an approach to im- ter-based technology however much of the interpretation

prove the interpretation of airborne geophysical data for of the data still relies largely on visual interpretation skills,

salinity studies The paper discusses the general and par- albeit with the aid of sophisticated digital image process-

ticular interpretation problems for this application; pro- ing. In at least one of the new environmental application

poses a new methodology for interpretation based on areas, that of salinity studies, the interpretation is proving

spatial analysis with GIS to address these problems; and difficult to complete using the traditional approach. The

concludes with the implications of this work for interpre- aim of the interpretation is to build a picture of the

tation of airborne geophysical data for other applications. hydrogeological mechanisms contributing to salt degrada-

Geophysica has long been afield which has made use o tion at both catchment and paddock scales, and conse-

leading edge computer-based technology to acquire and cuen* t develop land management plans which address
both existing and possible future salt hazard sites. How-

process data. However, many areas of the analysis and in-

terpretation of the data are still relying largely on visual ever, the sheer quantity of data to be examined and inter-

interpretation. The advances being in made in compua- preted presents a siificant challenge.A new approach to

tional geography, especially in terms of developing spatial interpretation is required to meet this challenge and en-
able effective and efficient extraction of information from

analysis tools on a GIS platform, have the potential to make

the large multivariate geophysical surveys which are typi-a signifcant impact on the interpretation of geophysical

data. cally collected for these studies.
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This paper reports ona research prolect in which spatial result is an increased concentr-aon o sak m either streams

analysis with GIS has ben adopted as an approach to im- or sods. causing degradation of water resources and pro-

prove the interpretation of airborne geophysical data for ductive agricultural land.
saiiystudies. The background to using ge• '•sacs for It is this groundwater driven salinisation which is of inter-
salinity studies will be introduced, and then t ýreta- est to thi prolc in recent decadima number of reseach
tion prblm which have arisen with mult. t•m ers have demonstrated the elhctiveiess of ground teo-
geophysical data sets will be discussed. In order to address p in investigations of this type of salinity For exam-

these problems, a new interpretation methodology based ple. Engel et d (I 6Tb) used geophysics to in recharge

on spatial analysis with GIS will be proposed. Finally, the and discharge areas associated with dryland salinity in the

implications of this work for interpretation of airborne south-west of Western Australia.

geophysical data for other applications will be discussed.
In the late 1

9
80s a group of researchers recognised that

3. Salinity and Geophysics the scale of the saliniy problem in Australia (and world-

In recent years. sat degraati ofAusnrAleas land and wat wide) could not be ectively addressed by high cost. low

resources has been widely recognised as a significant envi- areal coverage, ground based studies (Street and Roberts,

ronmental problem.although the causes of human-induced I "4).Airxwne g surveys, whilst sacrificing some

(secondary) salinisation can be traced back to widespread of the detail of ground based surveys, could provide re-

clearing of native vegetation post European settlement, gional coverage for comparatively low cost and highlight

Wood (1924) was one of the first researchers to report those areas that required more detailed follow-up on the

observations of a link between clearing of native vegeta- rod.

tion and land and stream salinisation in the formal scien- The work c, ,987a. 196T7). Street ant; Engel

tific literature.W°od (1924) stated that over the 30 year (1990) and othe. -',Woscrated that magnetic and elec- O

period prior to publication of his paper he had observed cromagnet measurements provided valuable information

several instances of land and stream salinisation develop- about constrictions to groundwater movement and salt

ing after adjacent tracts of land had been cleared. storage respectivelyAirbornc L -physics of this type

Since those early observations. a vast body of research traditionally been applied to miner 1 exp,: JAon. ?srkst

has given us a much better understanding of the causes of the airborne magnetic technology v.,- imm-dately appli-

salinisation. Secondary salinisation can be classified into cable to salinity investigations. the same was not true of

two general types depending on the absence or presence airborne electromagnetic measurements. The airborne

of a groundwater system (Williamson, 1990).The former electrmagnetic system in use inAustralia in the late 19M0s

type occurs where over-grazing causes erosion and the had been designed to probe deep into the earth in search

saline or sodic subsoils ar exposed. The latter type can of mineralisation targets such as conductive sulphides. In

occur under both irrigated and non-irrigated farming re- particular they had been designed to mask near surface

gimes, but in both cas groundwater is a ke elmn for conductivity variations -the very information which is most

the development and maintenance of salinity. Changes to important in salinity studies.

the hydrologic equilibrium cause increased recharge to the A collaboratm e research project (World Geoscience Cor-

groundwater system and this in turn lads to a rising poration, CSIRO Division of Exploration Geoscience,

watertable which remoblises salts stored in the sub-sur- CSIRO Division of Water Resources) was established to

face. The saline grondwater is discharged via seeps nd address this problem. The purpose of the project was to

streams, or evaporation occurs in the areas where the develop a new airborne electromagnetic system.,SALTMAP,

watertable is very shallow (within 2m of the surface).The designed specifially to make high resolution measurements

I i] I i I I]I] I I U I U! U] H I il H
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Li l I P[ r I I L 1i I
of the electrical conductivity distribution

w ithin the regolith. T e prinipCal 0 *ctI 95m
was to assist land cam specialis to man-

age planin and implementation of reha-

bilitation and protection programs in salt-

affected areas, by provkding cost-effective

and accurate informaion about sak stor- Transmitter T5m

age and salt hazards at the catchment scale

(Street and Roberts, 1994). Development

of the SALTMAP system is now complete
and further deal can be found in Duncan Rcie

Receiver
et oL (1992) and Roberts et ad. (1992). 5m

3.1 A Typical Airborne

Geophysical Survey for Salinity

A typicaaigeophysical surveyforsalinitywill Figure I $.ALTMAP System Geometryj (adapted from Roberts et al

include measurement of three geophysical

data sets; electromagnetics. magnetics and radiometrics. 100 channels per receiver coil (a total of 300 channels) is

The data is collected along parallel survey lines, typically recorded every millisecond. However, only the X and Z

spaced 100 or 200 metres apart with measurements re- channels are currently used and, depending on the data.

corded along the line every 10 to 15 metres. Depending the channels can be binned to a more manageable number

on the system being flown, nominal flying altiude is be- (perhaps I5 or 20) or only a selected number of channels * *
tween 60 and 120 metres and survey lines are oriented are retained for analysis.

roughly perpendicular to the strike of the general geology, Electrmagne measurements respond to changes in the

thus maximising the information content of the data sets. electrical conductivity of the sub-surface In most lad-

For use, this survey line data (known as located data) is scapes. the mostly highly conductive material is salt (the
usually transformed to raster format (referred to as grids). om

In addition to the geophysical data, any available surface

(McNeill, 1960) and so where salinisation is a problem, it
information relevant to the study can be collected from can usually be assumed that the strongest conductors en

the relevant government authority, the local landcare the landscape are due to salt. For salenesasson to occur

organisation(s). and the local farmers. there must be a source of salt, so this data is used to map

Electromagnetic measurements are made by the SALTMAP the spatial location and extent of salt storage in the land-

system mounted on a Britten-Norman Trislander aircraf. scape.

The approximate flying configuration is shown in Figure I. Magnetc and radlometrk data are collected simultane-

SALTMAP is an active measurement system in which a ously on a single aircraft. The system flies at a nominal
power source connected to a codl mounted on the aler-

height of 70m above ground level. Magnetic measurements
craft structure forms the transmitter, and three perpen- are made by a ces.im vapour magnetometer installed on a

dicular coils (X.Y. and Z) mounted in a towed bird com- rigid boom at the rear of the aircraft and radiometric

prise the receiver.Technical details of the system are re- measurements are made by a gamma-nrayspectrometer

ported in Duncan et aL (1992) and Roberts et of (I 92). It installed inside the aircraft

is sufficient to note here that a measurement consisting of

Proceedings of GeoComputauon "97 & SJRC 97 201

".,:•, • , .,, , • .'. .,:, " ' 5U , I"I... ; ,; '



IL 9 1

Manec meaurensents respond to suble changes in the 4. Interpretation of Airborne

earth's magntic fe cause by the inune of rocks in Geophysical Data

the sub-surface on die local mqaiec field-The marie:c In its broadest sense. interpretation can be understood to

dot can be intrpreted (in conouncuon with the known mean the process of traiaforming the airborne geophysi-

geology) to produce an interpreted gog map of the cai data into iformation, However. this is a long and com-

survey ar. For salinsation to occur there must be a source plicated process and masks the various stages which oc-

01 salt and a source of waer', in this case g e:undwaterhe cur in tis transformation. For the purpose of this paper.

gelogy map. in conqunction with a digital elevation mode interpretation will mean the process by which meaning is

helps to define the likely groundwater flow for the survey extracted from one or more final data sets A final data set

area. In particular. magnetics can identify groundwater bar wil be defined as one which has resulted from passing the

riers-These barriers force groundwater to the surface, and raw data through a succession of analyses to

if the groundwater is saline an area of salt degp-dation

rsults. I remove systma-tic noise and correct for data acquisi-

tion errors (eg varing altitude);
bdiometre data, unflie magnets and electromgnemcs. 2 present the data in a useful format (eg. transform line

measures only surface phenomenaThe energy 01 ama data into gridded data); and,

rays from decaying radioactive elements is measured and 3 present the data as a useful measurement (e& electro-

thus a relative distribution of these elements can be magnetic data might be transformed to conductivity

mapped. The typical channels of radlometrics which are data).

used are potassium, thorium, uranium.and total count.This For a typical geophysical survey for salinity studies, these

information can be used to assist in producing an inter- final data sets will be magnetics and radiometrics grids,

preted soils map (Gourlay, 1996) or to characterise the and electromagnetics transformed to a suite of conductiv- p
regolth cover. Such information can be used in conlunc- ity grids.The digital elevation model will also be a grid and

tion with the electromagnetic data to deduce the poten- the surface data sets will be avalable either in map or

tial mobility of the sal. It can also be used to better under- digital form depending on the data source.

stand the history of the landscape which can have implica-

sfor the pential for The aims of the interpretation are

It is clear then that the final multivariate geophysical data I to identify the hydrogeological causes ofsalinisation in

set comprises perhaps several tens of grids. as well as the the survey area;

digital elevation model. In addition, relevant surface data 2 to predict and rank all sites at risk of salt degradation

might include stream network, cadastral d . sils based on the hydrogeological interpretation; and.
3 to develop a land management plan based on these

regolith map. geology map. existing salt degradation, veg- re lop a

etation cover, and waterlogging.With such a large number results.

of data sets, the interpretation becomes unwieldy and ex- The first two interpretation tks are the focus 01 this

tremely time consumig Also, a significant risk exists that paper as they involve direct interpretation 0f the airborne

vakiule inrm.,mor onwcularltya on betw data geophysical dat For the first, each data set is examined in

sems, might be mssd, In rthe following section, the tradi turn, and from it information relevant to the hydrogeology

tional approach to Interpretation is discussed and these of the area is extracted. In the case of magnetics, this will

interpretation problems are examined in greater detail involve a full geological interpretation based on the mag-

netic data. the known geology, and the interpreters own

experience and knowledge of the area (Isles et at. 1994).

On the other hand, only the areas of high conductivity

I 71 II L B B B B B I B B BI B B B I BJ B B B B I B I K J I! S
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(delineating interpreted sal storage) and low conductivity single v a" variable, salt storage. By contrast, the inte.-

(delineating areas of potential recharge) might be of itr- pretation of magnei is much more complex and relies

eat in the electromagnetic damAiongside these individual .on a visual assessment of colour level, image texture. and

i r , interpretation of integrated data sets will extraction of lineaments, which are interpreted in terms

seek relationships between the data sets in order to build of both lithology and structure.

up a picture of the kodrogeological reme operating in The second stage of interpretation is an integration task.

high conductivity Interpretations from the first stage are combined w build

up a more complete interpretation.The integration of datalinea~ments (egl dolerie dyktes in Eneld et aL. (lW7a)) are sets might confirm the existing interpretation; it might lead
interpreted as acting as groundwater barriers which cause to new insight being added to the interpetation; or it could
a deposition of salt on the up-slope side of the ineament. identiy regions of inconsistency leading to a revision of

The process of identifying and assessing all potential salt the original interpretation.

hazard sites is much more specific.A number of research- Depending on the application, the final staged interprets-

ors have examined methods which can be used to predit don will usually involve some target identification or rec-

assess salin'ty risk (see for example Caccetta and Kiiveri ommendation for further action. In salinity studies, this
(199)), hoevsmost use surface data sets such as sacel- Jstage involves identifying the spatial location of potential
lite imagery which fail to examine the sub-surface causes salt hazard sites based on some model (eg. intersection of

of salinityWhen geophysical data is incorporated into the saline groundwater with a barrier) and then determining

prediction/assessment process, salt hazard sites are sought e p severity of that site.

on the basis of specific hydrogeological models which are

known to cause salinity in the survey area. For example, if Three key areas of inadequacy arise when the interpreta-

salinisation is known to occur up-slope of dykes in the tion methodology just described is applied to geophysical

survey area, then first, all sites where groundwater flow surveys for salinty studies.

intersects these groundwater barriers need to be found. I Whilst complex data sets such as magnetics can only

Second, the hydrogeological regime up-slope of the inter- be interpreted using a manual/visual approach, some

section needs to be examined to determine whether the of the simpler interpretation tasks (eg. deriving the salt

intersection poses a salt hazard, and if so. the severity of storage map) could be more accurately and efficiently p
the potential hazard. performed using a computational approach.

These interpretation tasks are traditionally completed 2 The large quantity of data available in a typical salinity

manually based on visual cues.A suite of hardcopy images study renders the integration stage of interpretation

and maps are the interpre••e's data set and tracing paper cumbersome and difficult to complete effectivelyA sig-

or clear film, pens. and a light table as the interpretation nificant risk exists that potentially important relation- S
tools. The first stage of interpretation involves identifying ships between data sets will be missed using the tradi-

boundaries and lineaments in the data set and interpreting tonal interpretation methodology.

these in geological terms.The degree of complexity in this 3 The target identification process is currently missing

ask depends on tie information being extracted from the salt hazard sites (as reported by farmers using the ex-

data set. For example, under the assumption that regions istig interpretation for the Broomehill districtWest-

of high conductivity define salt storage, the interpreter em Australia).A more systematic approach to ident-

derives the salt storage map by simply tracing r o fyin the salt hazard sie might solve this problem, and

ries of high conductivity regions offa hardcopy image.This it would alleviate the extremely subjective nature of

involves a simple visual assessment of colour level for a current salt hazard severity rating.

""e 77 fl I I ] I'dFu a I97 IS f]I 9 203
Proceedings of GeoComputation '97 &• SIRC '97 20.3

*

S.. . .. - ° m i i l i t Iml lil lll n-, -- -- - • ....- •.-**1..



5. A New Methodology for Interpretation 5.1 Stage 1

In order to address some of the interpretation limitations Firstly, the traditional. mantial mintrpretation approach will

discussed above, a now methodollog based on a GIS plat- still be required on some dama sets. most iportantly the

form is proposed.The GIS platform has been chosen be- inepetto of maiqiwtcs to produce a geology mapAs

cause it offers noted earlier, interpretation of magnetics requires an as-
sessimmnt of several dilharnt mapg properties (colour level.

I a data storage/management facility suitable for storing te netato of liemns whc nee w beitr

both raster- an veto daa preted mn terms of both kihology and structure fron i te
2 access to a rang of spatial analysis techniques which pesective of the interpreterls understanding and knowi-

can be tailored to suit the particular requireiments of edeof the area. It is this latter component, the interpret-
this proler. aner's knowledge. which makes automated interpretation of

3 a map-making environment with which modern this data so difficult.Within the context of this new meth-
geoscientists will be comfortable. mdlg.itrrtigmgeisi the traitional way serves

The new methodology will be a four stg iterative pro- an imotn ups - it allows the interpreter to be-
ess. It is designed to achieve a balance between the impor- come familiar with the geology of the area (isles et al.
tanm aspects of the traditional approach (in particuimr th 1994).This enables the interpreter to understand the con-
importance of spenMn time familiarising onsl wt h text into which results from later work can be fitted.
data) and the time saving and effectivenesis of automating

interpretation tasks in the GIS environment.The mehd 5.2 Stage 2

oloVj shown schematically in Figure 2. is designed to be The second stage of dhe methodology involves establish-
used in applications other than salinity studies, but the dis- ing the entire data set in the GIS.This will involve import-
cussion which follows concentrates on the salinity appli- ing data in both raster and vector formats, and may in- 0
cation. Figure 3 shows an example of the interpretation volve some digt/in of data. Also. simple GIS mamipula-
methodology applied to a typical salinity study. tions might be used at this stage to extract simple prop-

erty maps fromr some data sets. For example,

a salt storage maps needs to be derived from
tagel1: Traditional interpretation of th daaTi aPeotie

i' 'ofby 
slicing off the high end of the conductivity

at some threshold value. dependant on the

tage 2: Establish GIlS database and ~~sml I a
perform simpleGIS functions nipulations partially replace the tracing paper

phase of the traditional approach. 01

tage 3- Exploratory data anaysis to5.Stg3
identify relationships between In the third stage, relationships between muvl-
variables tiple variables are sought.This might be done

for two reasons. Firstly in some applications.

Ian interpreter knows that a particular combi-
Stage 4: Target idniiainnation of geophysical signatures will give him/

her areas within the data set on which he/she

Figure 2: Schematic representation of the proposed GIS-based must focus. Secondlythe interpreter will want

interpretation methodology to gain insight into how the various geophysi-
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Dl Digi lElevai

Stage I - Manual Stage 2 - Simple Stage 3 - Unsupervised
interpretation GIS manipulation classification1 I I

Interpreted Geology M salt storage ma Landscape Units Mad Surface Data Sets

Stage I - Manual interpretation. &
Stage 3 - Exploratory data analysis

Salt Hazard Models
(ie. causes of salinisationj

Stage 4 - Target identification

FS(HaadMap

Figure 3 Schematic representation of the application of the proposed methodology to a typical salinity
interpretation.

cal data sets relate to each other, and this will lead to a driven approach is decision tree analysis, where areas of

better understanding of the geological processes which known salt degradation are used to "train" the decision

have shaped the landscape to its present state. Explora- tree to find all other sites of salt hazard potential. This

tory data analysis, such as classification, principal compo- follows the exploratory data analysis of Stage 3.The knowi-

nents analysis, and decision tree analysis provide avenues edge driven approach requires the expert knowledge about

for the structure of a multivariate data set to be eluci- the causes of salinisation in the study area to be translated

dated.This work replaces using the light table to overlay into a series of rules. Stages I through 3 should have ena-

multiple data sets, and improves on it by placing quantita- bled the interpreter to identify the hydrogeological causes

tive values on the relationships between variables, of salt degradation and define conceptual salt hazard models

for the survey area.These salt hazard models can then be

5.4 Stage 4 used to produce maps of ranked salt hazard sites for the ,

The final stage is target identfication.This is the only part survey area.

of the methodolog which is application specific, and its

successafd automation depends on the der of complexity 6. Confidence in the Proposed

in the target identification process. If this methodology is Methodology

to be adopted in applications beyond salinity studies, It will In examining this proposed new methodology, the ques-

require a commitment of resources to translate the ex- tion will naturally be asked. "Why have confidence that it

pert knowledg about the targets into the appropriate will work?". First, as noted previouslya GIS platform meets

code.Two possible avenues exist for target ientiication - the technical requirements of the problem (spatial data

data driven and knowledge drlven.An example of the data storage, analysis, and visualisation) whilst offering a user
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environment which allows the interpreter to perform digi- s im tant spaial analysis techniques. Both of these are

" and overlay operations analogous to the tasks he/ widely used on satellite remote sensing imagery, which is

she periormed on the light able. This should ensure that similar in many ways to airborne geophysical data.A gen-

the technology transfer of this methodology is achievable. eral property of PCA is that the result demonstrates the

Second. the structure of te true dimensionality of the data set. thus potentially reduc-

analogous to the interpretation structure which the inter- ing the amount of data which needs to be analysed. Also.

preter is already using. References on the art of interpre- Singh and Harrison (1985) reported that PCA applied to

tation of geophysical data are few, although a mnuiatud raw remote sensor data might yield images which are more

report the results of interpretation. However, a set of interpretable than the original data. Both of these results
would be useful in the context of interpreting airborne

course notes on interpretation from Isles et at (1994) states

the following: geophysical data for salinity. Classification, by contrast can

be described as a process which transforms data into in-

As with all data sets, the interpretation should be regarded as formation (Jensen, 1996). In the remote sensing arena, spec-

dynamic - it will change as new evidence and ideas come to tral signatures for identified classes are used to tie the

light It is most important, therefore, to be able to retrace the imagery to features on the surface (eg. different types of

interpreter's steps back to the original data so that ifnecessary land cover).A completely analogous process can be used

it can be recycled. (Pg. 7) with airborne geophysical data, but spectral signatures are

The flexible structure of the proposed methodology en- replaced by groups of physical properties. For example.

sures that this important criteria is met. In addition, the the relationship between radiometrics, conductivity, and

interpreter's knowledge is valued at all stages of the meth- topography could be used to give an indication of the type

odology. Researchers in the growing field of knowledge of regolith. Classes with high potassium and high conduc-

discovery consider this point to be central to the success tivity at the bottom of a hill would be identified as I 0
of using computers to extract knowledge from data. depositional areas, whereas areas of shallow bedrock would

Brachman and Anand (1996) state that "knowledge dis- be identified by classes exhibiting very high potassium and

covery is a knowledge-intensive task consisting of complex very low conductivity on hills or slopes (pers comm G

interactions. protracted over time, between a human and a Street, 1996).

(large) database, possibly supported by a heterogeneous suite Stage 4 of the methodology refers to the use of carto-

of tools". At the centre of many knowledge discovery sys- graphic modelling.This technique is described extensively

tems are similar analysis techniques to those suggested by Bonham-Carter (1994) for use in producing maps of

for this application - classification, regression, clustering, mineralisation potential.The approach is based on devel-

decision tree analysis (Fayyad et al., I 996).The main appli- oping mineral potential models (using expert knowledge

cation areas for these systems are currently large financial or derived from decision tree analysis) using a suite of

and health care databases which are not primarily spatial. geological, geochemical, and geophysical data. The devel-

However, the parallels between knowledge discovery and opment of salt hazard models is completely analogous to

the interpretation methodology described here, suggest this process, although with a much stronger emphasis on

that the human-centred, interactive approach which has geophysical data. Also, salt hazard sites will normally be

been adopted here is likely to be successful, specific sites, whereas mineralisation potential maps are

Finally, the spatial analysis techniques which have been se- usually regions rather than point sites. But. the success of

lected to underpin this methodology are already widely a cartographic modelling approach to these problems,gives

used on similar data sets. Stage 3 of the methodology iden- us confidence that this will be a successful approach to

tifles classification and principal compients analysis (PCA) identifying salt hazard sites.
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7. Conclusions9.Rfrne

This paper has presented a new mecthodology for inter- Bonham-Carter GF. (1994) Geographic information

pretation of large multhvariate airborne geophysical sur- systems for geoscientists: modelling with GIS. Compu-

veys for salinity studies. However. the methodology has tar Methods in the Geosciences. Pergamon/Elsevier

been constructed on principles which apply equally to in- Science.Vol. 13.

terpretation of airborne geophysical data for other appli- Braismain P.i. AnandT. (19"6) The process of knowi-
cations. For example, the development of a new gen~era- ededsoeyin databases. In Fayyad UM. Piatecaky-
tion of electromagnetic technology is providing mineral Shapiro G. Sniyth P. Uthurusamyr R (eds), Advances in
explorers with a new geological mapping tool. In the pas Knw* Dicvr an aaMwgA Press/MIT
electi-omagnetics was used by mineral explorers to seek Prss pp37-S7.
deep, conductive targets (likely hosts of mineralisation).

but the new generation of electromagnetic systems ispo Caccett P. KilverI H. ( 19"6) Assessing salinity risk on

viding them with geological mapping information which farmlands. CJS User - The Australasian Geographic Infor-

will complement that currently obtained from magnetics mation Systems Application joumal.Vol. 14. pp22-24.

and radiometrics. It is certain then that mineral explorers DucnCRbt P usfiG lJW lmo
will soon meet identical interpretation problems to those DR, Roocke MAThoIUS RG, Anderson A. (19"2)

discussed in this paper for salinity studies. This methodol- SALTMAP - Airborne EM for the environment. Earploro-
ogy provides a framework to address those problems. tion GeophysicsVol. 23. pp 123-126.
Resources will need to be committed to meet the devel- EglR caln J tetG I97)Teifu
opment of application specific analysis modules, especially EglR caln j tet6 I97)Teifu

in Stage 4 of the methodology, but the overall framework ence of dolerite dykes on saline seeps in south-west-

is completely portable. ern Australia. Australian journal of Soil Research. Vol 25, *
pp 12S- 136.

The strength of this methodology lies in the fact that it Egl&M~raeDS J I97)Uiggo
incorporates a "natural" approach to geoscientific inter- EneRM arneD SeeG.(I9b)Uiggo

pretation with a range of spatial analysis techniques which physics to define recharge and discharge areas associ-

have already proved succ:essful in similar problems. Users ated with saline seeps in south-western Australia. In

of geophysical data can look forward to a future which Sarms ML (editor). Groundwater Redrorge.A Balkema

moves beyond the use of leading edge computer-based Publishing Company, Rotterdam. pp2S-39.

technology for data acquisition and processing. to the use Fayyad UM, Piatetalty-Shapiro G, Smyth P ( 1996)

of such technology to enhance interpretation. From data mining to knowledge discovery: an over-

view. In Fayyad UM, Piatetsky-Shapiro G, Smyth P.
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Abstract 1.1 Semantics

The paper gives an overview of a number of aspects of the By semorical metw information we denote additonal infor-

meta information discussion for Environmental Informa- mation (additional to the raw data) which is used to de-

tion Systems (EIS) over the past 7 years.While meta infor- scribe the meaning of information. Semantical meta infor-

mation has mostly been mentioned in the context of Envi- mation is therefore the information which is needed to

ronmental Data Catalogues (EDCs) and/or Catalogues of describe a data item such that it is interpretable by a user

Environmental Data Sources (CDSs), our group uses meta (from the same application field) who has not sampled the

information for the integration of environmental data into data himself.

environmental networks. From this viewpoint, we also need As a less abstract term we can also use the term data

EDCs and network navigation components, but our goal description as a synonym for semanticat meta information.

was one step further than the above mentioned projects:

they usually stop in front of the data source and do not As you can see in Fig. I we append a set of meta informa-

offer integration concepts to connect the data source into ton items to the raw data.The meaning of the meta infor-

a network (Denzer. 1995). mation items can be general knowledge (like address of i

data provider) and therefore be understood by the general
In this paper, we will discuss a number of applications of public, or it can have domain specific meaning which is

different meta information modelswhich can be described only understood by an expert in the specific application

by a general model to represent meta information.The area (like feld method). This means that the set of meta

generic idea of this model has been published(Denzer information items maybedifferentfor dilferent user groups.

1996).The first chapter is a modified extract of this publi-

cation in order to make clear the different implementa- 1.2 Syntax

tion presented in later chapters. B syntact.odmet #fo on,we denote information which

is used to describe the way the raw data is stored and/or
1. A Generic Meta Information Model can be accessed. Syntactical men information is unimpor-

In order to describe general meta data categories, we tant for end users and is only used by software systems to

destinguish between semantics, syntax, structure. navigation, access the data. Syntactical meta information usually con-

history and summaries. We will describe these categories sists of information about the data type of the raw data

with an example from the bottom up. and an access method.
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mantical meta dataT - Short name: pH
Long Name: soil acidity
Field method: see DIN xyz
Data provider address: ...
Place: geo-coordinate
Time: 4/5/96 2:30 pm

Mg I Semantical meta information

Fig. 2 shows how syntax information is appended to the In fig. 3, several data items with their meta data are com-

existing set of iformation describing the raw data.A mini- posed to an object.Additionally, a semantical description

mum of information regarding the data type and access of the overall object is given, which consists of the meta

methods may be given depending on the way the data is information applying to each of the items (e.g. data pro-

stored (in this example a relational database). rider address would no longer be meta information of pH.

it would be part of the semantical description of the ob-

1.3 Structure ject).

Up to this point. we have shown single data items and how
The semantical description of the overall object is again atheir semantics and syntax can be described. In reality, data
list of meta data items, according to the description of a

obectssingle data item. In this case,the description of structure is

Commonly, aggregates of data items form an enseronmental
such that an object consists of a list of attributes. it is im-abject, and there is mets data which applies to the whole

object as well as to the single raw data item.Therefore it is portant to notice that an a'tribute can be of type dattype

necessary todescribe the structure of data objcts as well. (single datatYpe, vector, time value, ...) or of type object

itself. This also applies to each of the metadata items (anwe denote this description as stnjcturol meta inlbnmoaoan.
object of class ieWd method is meta data item for an at- P

haw data

Fig 2 Syntactical retajnformation
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il mer surement

mantical mantical descri tion of object

-field

alue 4.67

.semantical _ mantical description (see fig. I)
meta data

syntactical yntactical description (see fig. 2)
meta data

"field

.emantical ismantical description (se~e fig. I1) I

meta data

•yntactical •_lyntactical description (see fig. 2)

Flg. 3. Structural meta information p
tribute pH of an object from class soi meosurement).This find information of interest.A data catalogue on the level

meta data model is therefore inherently object oriented, of an organization or of a whole network would look dif-

but it would also be possible to describe the structure of ferently (see Fig. S).The entries in the table of contents or

the whole with other methods, keyword lists build links to information systems (e.g. data

sources).We call such a catalogue meta catalogue.
1.4 Navigationv .

Semantics, syntax and structure are entities used to de- Navigation is much more than that. It includes issues of

scribe environmental objects.Another important issue is search engines, statistical information and it raises issues

to locate environmental objects. By navigational about how to organize information sources over a whole

mnetoin~brotion we denote such information which is used network. Bad experiences with information searches on

to locate objects and data sources of interest. Navigation the Web illustrate these problems.

occurs within systems (search masks, keyword lists, inven- 1.5 History

tories, etc.). or among systems or even whole networks. The problem of history of environmental measurements

Environmental data cataogues are one of the means to has widely been ignored over the past years. Why is this

locate objects. the case? First, history means that samples may be pro-

Fig. 4 gives an example of a data catalogue for one infor- duced by different measurement technology over the course

mation system. The catalogue combines a list of object of tdme.This increases the design and maintenance efforts

classes, a hierarchical tree (table of contents) and links for an information system significantly . Second, history

from chapters to class descriptions. Such a catalogue may also means that the data structures change over time.This

also include a list of keywords which can be inspected to is even worse for an information system design.Third, his-
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torA or changin methods. produces prblems in the corn- about how data has been samnpled awe m4pornt fix the

parabfity of data. which is a problem for the scientsts, a description of the data. In practice ths mean that each of

problem they produced themnsehes by changing the the mew data objets in Fiures I to 3 muist be recorded

method. hisoiAl~ly and may even change ther structur.

History in terms of mewm data mneans that historical records

Pi.4 niomna aacatalogue of r aoi info rmto system

ta catlogueof enironmetal mnistr of crns lanses

vev epatet

ports..

eas inventpogrym

qu healt

Mg. 4. Environmental data catalogue foran inoratalogu)on osaysttnem ntwr
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1.6 Summaries each class can have a dillerent description, and

Sumimaries are used to give an overviaw, at each leve of *the semanocal meoo uInformation for each class and

meta indormation (e.4 number of classes in a catalogue, eachi attribute is lust a free mmxt

number of objects in a class, percentage of attributes used. In terms of distribution of dama SIRIUS is completely net-

overall summary of time or geographical scale. 0cc). Sumn- work transpareant

maries are wnplemented to help users during navigation

and althoug4h timse are very simple mechanisms, they are 2.2 FAM Meta Information Model

noot used frequently FAM (Forschwngisverbtund Agrarokosysteme, Munchen) is

a big agricultural research project funded by the German

2. Application Examples government. In this project the operation of a farm is

In this chapter. we give three examples of the implements- monitored on a long term time scale.A large number of

bon of the concepts miantine abv.h examples we institutes (at the time of our involvemnent m dhe project

very different in nature. arouind 60) collect all possible data associated with the

opeatio of this farm and use this information for eco-

2.1 SIRIUS Meta Information Model logical assessments.

The SIRIUS (Saarbriicken Information Retreval and Inter In 199 aund I9"5, our group developed a meta inorms-
change Utility Set) system was our first implementation of a oe o h aaa fh A rj oe
a mens information concept.The goal of SIRIUS is to pro- is otebs of ou knoledge. the mos detailed and
vide an integration architecture for open EliSTs archi- flxbemt niyo odlmpeitdathsa .
tecture has been documented in various publications The differences between the FAM model and SIRIUS are
(Denzer, I99S). Meta information in the context of SIRIUS tood
is mainly used for the following purposes:

" to rovde dat caaloue fr a exstin inormtio no network component (which was not needed). and
to rovde daa ctalguefo anexitin inormtio *the descrito of classes is much more detailed.

system.Cmae oSRUS h A oe esrbscassa
"* to document the infomnationt classes of this Worms- IIUte A oeldsrie lassa

follows:
tion system an terms of class syntax, structure and sw

matis a class has again a fist of attributes. but thmeseatiue

"* to use the class docutmentation for the access of the can be of any/ type, including other objects therefore

information system and, to provide networked cats- the data model is recursive

logues (meta cataloglues) for the organization of a *each class and each attribuite has a set of mets infor

SIRIUS network. mation attached to kt and this set is not only a free

The mom information used in SIRIUS is a very simple model. text but a list of meta information attributes which

where can be of any type (primitive types and objects); as

" ctlge r irrhcltes olict can contailn oblects. also the mets information

"* classes are described by asto wuqmmodel attached to every class andor attribute can be
recursive"* classes are linked into nodes of the catalogue. the meta Information contents of any class or attribute

" theclas sructre s Sen b a istof pimiiveat. can change over time, reflecting change in the reality

" theattibut sytaxis gvenby is dta ype plu an (i.e. the model can store a history of e4g measurement

opthenattibt sytaxtrisbgien yIsdaatp,(lsa
optional~~th cltattsbts, structure and the mets information struc-
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twre (of a class or any attribute) can change over time . theTENSUS model does noc store any, hisecirynor does

(is. ~o If the reality change its structure, the infr, it directly reflecit the distributed nature of EIS (TEMSIS

mation model can reflecit this and can ~vnrmme uses one centalized server)

the structure at a certabin date in the pest). .theTENMIS model introduces a now very powerful ides

It is easy to imagie, that this metri information model is from our friends in Sedibeirsdorf. inks between inicr-

neither trivia to understand nor trivial to, Implement. But matron oblecs which are used wo model relationships

our investigations showed lew*.~ that this as the set of between Abieccs and can be used extensively for nsvi-

Information neddt document a long scale research gaton.

program such that the information can still be usted aftei a 3. Discussion
longer time .peid h three moesamvr different in nature and pur-

2.3 TEMSIS Meta Information Model pose.They also reflect the different reasons of how and

*rEMs (Taastca Eniomna Maaemn Su. why to use meta information in an EIS. SIRIUS uses a very

port Informuaton System) is a prolect funded by the EU simple model hor the interconnection of EI5 and therefore

uinder the Environmental Teiematics; program (Schimak describes objets; only on a very abstract level. FAN. in

1996). The goal of the system Is the support of environ- comparison, is an extremely detailedl and sophisticated

mental inomto an lnigi h raaon h model, which is able to model anything, but is is not easy

French-German border near Saarbruicken and to use.Whave not bownable, dueti o limitedfunds inthl5

Sasrgemusnes.Wet are part of a consortium of 8 parters partticlar Project, to, implemnent the user interface crvn-

developing this system. ponenfl which handle the compleidty of the model, espe-

Our ollagus attheAusria Resarc Ceter cially for the persons who have to maintain the meom in-

Our olleguesat he Astrin Rsearh Cet rration systemn.TheTEMSIS model appears wo be a good
Seibersdorf are developoing the meom Information server. crvons o ulcifrainssewihde

Our group is responsible for the information services be- not have the same dleailed need hor documnentation as is

tween the server and data sources as well as between found in a research program. H owever, we do not have
server and client applications on both sides of the border anyt experiences yet with the model, as the demonstrator

(hor this purpose. a port of SIRIUS is used).As our tasks in system will be installed this summer. Also it is limited to
the overall profect were related, we hove worked closely one central server. althoug the information services are

together in the modeling of the meta information. The cpbefrfn oantok
TEMSIS meta information model is located between the

two models mentioned above in the following areas: 4. Conclusion

*meta information is a list of primitive data type oh- The comparison of the three prolects shows thait there is

*ets not a text as in SIRIUS, but not recursive as in notTHE meta infrmation model hor the world or hor EIS.

FAMIn every cas and under diffren circumstances, a dilller-

dite TEMSIS model does niot distinguish between ob- ent way to use meom Information will be useful. But we

jecs, attributes and classes. What this really mean's strongly believe that there is a generic way of thinking about

compared to SIRIUS or FAN will come out in the fu- meta information, which may be reflected by the first chap-

ture. It seems depending on the way the meta infor- ter of this article and which may have been implemented

mation is organized in the catalogue, this can be com- in a most genricr way in the FAN meta information model.

pletelly irrelevant to the end user and will only be no- K we look beck to the past 7 years, since the strang word
ticed by the system designer~ "meta Information" became common (and not many/ peo-
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1 Abstract ing to be of considerable value in the generation of simu-

The paper desribes how hissooepsgrphical data in lated test enironments for on-going research.

the form of depth soundings have been used to imrv

the unarstanding of hydroacosi sinlpopgto 2.2 Background

through a large ducted water chna.h gocmua Research activities in Uniderwater Technology at Harlot-

tonal elements of the perfit within th lage hw* Watt University began in l%9 following a survey carried

workof eserchintoundrwaer ehices.subea om- out to identify a totally new research direction for the

miscations and mnalfng carried out by the Ocean Sys Department of Elec--ical and Electronic Engineering

tem Laboratr ovrteps 5yer h ae n (Dunbar. 1970). Research studies were initiated into subses

cludes a brief review of thiese acvmtes and of the original vehlesa uistrw, eneston.. wlvng, co.munication and navi-

hydrographic survey of Loch Ness. carried out around 100 gation. ad activites were focused on a malor propec which

years ago. The method of digitising the original data and had the objcdnv of desiulingbiili and operatin Scot-

the production of 3D static and moving visualisations is lands first remotely operated vehicle (ROY) system. The

then discussed in the context of acoustic channel moel RrstANGUS vehicle was successfully tested in deep water

lIng and the paper concludes with an outline of continuing in 1973 (Dunbar. Holmes. 1975) and the ANGUIS 002 and

work in relation to simiulated tetevromns 003 vehicles followed in 1976 and 1979. in the develop-

ment of RON systems with automatic control and naviga-
2 introduction tion (Russell. Dunbar, 1990).

2.1 Theme of Paper From 1976 studies expanded into tetherless vehicle sys-

The purpose of this paper is to descrilbe how hisorlim tems (nowAU~s'Autonomous UndierwaterVehicles) and

gographical data has been used toiv a clearer underý this forced the development of through-water communi-

standling of actual observed effects in relation to the modh- caion systems (Dunbar. Carmichael 1990). sona systems.

ailn and experimental validation of underwater acoustic and sub-surface video transmission and bandwidth comn-

signls. Depth soundings which wei collecttinedcmeloously presin techniques (Dunbar:,Secteryý 196S). ROYV and ALlY

100 years ago are belieaved to beoa reliable data satforthi trials were carried out in test tanks. harbour areas, from

study an ivisualiaentins which have been produced. wood ships at se and in Scottish lochs. and it was during experi-

have in fac explibned crananomalous sVWL~ app main in Loch Ness that aWonid War Ilalwsington bme

catin ofthee baic edwouesis pvvý was located on the bottom of Loch Ness and eventually
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recovered In 1965 (Hoirria. I1"91). More recentl.a Euro- 4 Original hydrographic survey of
peun Community Marine Science and Technology (EC- Loch Ness
MAST-U) progact managed by the University used Loch Ness

as one oftetaoatos 4.1 Historical document
A bathymetric survey of Scottish fresh-water loh was

The project (1992-199%) was entitled Europeani Experi- care u by Sir John Mlurray and Laurence Pullar over

mentallWildated Models ofActiustic Otannels ('RIMAC') the years 18697 to 1909 (Murray, Pullar. 19 10). and conse-

and it had as as prime obetv thepoise measurement* quently the year of this pi-esent conference has perticulsa

anid data lo~ing in absolute terms of hydroacoustic sig significance. The survey was an outstanding scientific

nais in the 2kHz to 80kHz range, with various modulation achievment and a rading of the original docunments leave

formats, transmitted over various ranges underwater, to- one with a senme of admiration and respect ft..' the inves-

gather with associated oceanographic and environmental tigators when one considers the scale and precision of

parameters.The data would then become available for the their measurements in the light of the experimental equip-

validation of acoustic chaninel propagation models (Dunbar ment at th~eir disposal.Io quote from the introduction to

McHugh at al, 19941). their report

3 Hydroacoustic communications "During the course5 of dhe Lol* Survey work 562 of the Scot-

and modelling tis frsiwtrlcswr uvyd..o oh ere surveyed

Modelling the path. the spreading loss. and the attenuation onwihboscould be found at the time the war* was being

Of hydroacoustiC Signals is a complex prCoces particularly carried out....To transport a boat to many of die remote lochs

for regions with multiple boundaries which lead to i h ihm wudhv naldmc aoraddi

multipath propagation, and many models have been devel cAyt) not to speak of die ol~cb- on f proprietors. keepers, and *
oped with va-u degrees; of precision (Buclcn#im. 1 "2). oters, whlo do not wish to have grouse moors and deer foests

Model development is often application dr iven for intrie &tunbed at a time of'iyear when the lochis are most accessi-.

modelling of the multipth environment insa search for e.

automatic methods of cancell" multiple echoes in a time- It was an immense undertaking, which included in addition

varying environment (Dunbar, Carmichael. 19119); and the to the depth soundings. observations and measurements

development of models for the simulation of synthetic relating to topographical, geological. physical. chemical and

sonar images (Bell. I995), to aid the interpretation and biological features.

classification of sonar and sub-bottom seismic images

(Linnest. 1"l1). 4.2 Method of survey
For deepwater lochs the IFP.Palar sounding-machine' was

Mathematical models and simulations require real test data empkroed.This was a well dsigned and engineered mecha-
for their validation and correction, and the gathering of Man*;hicueadrmotiigovr10UKf
such data under carefully controlled condlitions has been three strand galvanised steel wire which passed ovoer a
carried out successfully within the EC-MAST-11 project: pulley having a circfientrce.t the centre of the wire, of

'EEMAC. mntinedaboe. urrntl, wrk f asknlar precisel one foot. and a group of measuring dials record-
natuire is being car~ried out within the EC-MAST-111 Project ing feet. tens of feetý and hundreds of feet as the soundfing
'PROSIM', which is an Impulse signal variant of EEVMAC. wegh w loee to th bto.It was thus possible to

male precise depth measurements without difficulty it was

more complicated to determine the position of the sound-

ings.Varlous methods were tried but "it wse foiund that the
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most Oaccure mehaod to the doe soundiVa• quick•y as level) ends of each transect.Th, by lnear imterpolation.

Peasabl Wd*e rmVIg OCns the lad, frOM one pont to onother the equivalent O.S. eastxlg and northn grid points were

The swunthig Were uiwll W~ every 0 thirymls ofte oars. computed. The interpolation was based on the assump-

and tei mi miumer oiehe sandsi l aced equ* dn amn that the soundings were equally spiced the same a-

die line. dius distuinu any enrror" The method was found sumpoon as made by the original surveyom An example

to be "exuemely accuoe for kong, naonw lachs" of which of such interpolated dam isgiven belowfor the first mreasct

Loch Ness is a prime example. from the SW end of Loch Nes. near to Fort.Augustus.

In the case of Loch Ness, over 1000 soundings were taken S g N Dept(*)lepd(i)

during the course of 79 across-loch transects. On com- ilth ter 2 364 000 6092 000 0 0
2364400 6091400 3 0.91

pltion of the survey the soundings were transferred to 6- 2 2 364 9 M0 900 94 28.65

inch Ordnance Survey maps of the area. Later, clean trac- 3 2365300 090 300 160 48.77
4 2365100 6069800 227 69.19

ings were platted on cloth and contour lines of depth were 5 23166200 0699200 250 76.20
6 2366700 60 7 7 0 241 73.46

drawn in at equal intervals. These original tracings later 7 2367100 6060100 207 63.09
became the source data for an Admiralty chart of Loch a 2 367 600 087600 56 17.07

Sdu "ho.- 2 30000 8067000 0 0
Nes which coninues to be published as chart number

179 1. Additional soundings of a small area at the North All 79 transects were examined in this way and 79 cx.y.-z]
end f te loh wre tlte in 918 to rovne eter data files based on absolute O.S. co-ordinates were pro-end of the loch were taken in 1918. to provide greater

detail near the entrance to the Caledonian Canal; how- duced for use in subsequent analysis.

ever, the 79 transects remain the primary data archive. 6 Generation of 2D and 3D images

4.3 Current survey technology 6.1 Preparation of data
More recently, various sonar surveys of the loch have been To improve interpolation between lines of soundings the O

carried out, the most comprehensive and detailed to date 79 data fils were padded with zeroes at points beyond

being undertaken during the course of'Project Urquhart. the N and S ends of the transects, to aid the performance

In July 1992 a survey vessel employing a state-of-the-art ofaN nearest naghbours alorithm.The positions of the

multibeam swathe echosounder carried out a detailed augmented transects are shown in figure I. Although it

sonar survey of the loch and as a result 3-dimensional would have been possible to create [xyz] files to include

views of the loch were computed and publicised (Witchell, above waterline elevations by inspection of the original

1992). Discussions are underway with the organisation maps, the intention was to merge the historic sub-surface

holding the sonar and sub-bottom seismic data with a view data files with contemporary O.S. digital data files of sur-

to comparing and developing the two approaches to 3- rouning terrain.

dimensional visualisation.

6.2 Computation and visualisation of
5 Examination and formatting of data
the original data The original height data refers to a narrow region which

Copies were obtained of the oriinal maps of Loch Ness, traverses from South-West to North-East and therefore

bearing the actual soundings across the 79 transecats. a within the bounding rectangle of Loch Ness the data points

by enlargement were overlaid on a montage of current in total are very sparse.To simplify the computations the

1:25000 scale Ordnance Survey (O.5.) maps of the area co-ordin•a system was rotated by 38 degrees and-clock-

By comparison between the old and new maps, the mod- wise, to produce in effect a vertical bounding rectangle.

ern O.S. co-ordinates were deduced for the shore (zero Prior to rotation each data point consisted of an eastdng
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areia of 13 kilometre by 42koe~.Tecontempo-

rary O.S. digital survey dama is grde at som x 5CM Witer-

N The two data sets were merged after alignment. the 0 S.

dat ses s sowninfigure 2. where the water level con-

Shore; pnts tori h omnfactor between the two plts

63 interpolation of data

To interpolate values in the grid points the standard method

of N nearest neighbours was used (Davis, 1 968). This Wp

proach was used puimarily because of its relative efficiency

on dealing with the irregular and sparse nature of the origi-

nal data set. For each grid point (k), N nearest points fromr

the data set are found (N is usually in the range 3 to 6).

and the height in the grid point is calculated as a weighted

Figure 1. Original transects with augmented zeroes

and northing and depth value.The da pons ee o 7 Production of a 'fly- through' of
uniformly distributed so they were interpolated to achieve Loch Ness
a uniform distribution which produced a three-dinmensional The 3D scene was rendered using a custom.- designed pro- *
scene consisting of lO00m x lO00m grid squares.This pro- gram on aSilicon Graphics 02 computer.Comnmercial pack-

duced a coarse rtndition so the image was scaled by a ages were considered but data handling software under

factor of 5 to produce 2.8 million pohyors.This then pro- development by the research team for other image inter.

duced an image of size 675 x 2 100 pixes representing an petation applications proved to be more cost effective

Figure 2: 2D rendition of Loch Ness: sub-surfazce contours (uppr),surrunding terrain lower)
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Figutre .3 3Dl renditl~ion oJ Loch Ness uising coml bin~edl dltit scfs,,, for sNouthernl and co'ltuld .set tins of tilt! h,6:11

and flexible in manipulating data sets from different sources. CTD profiles that are available along the route of the acous-

The system requires an "observer" position and a "look- tic pressure wave, the greater is the precision with which

at" position. From this data the perspective view is com- one can predict its path. As a result of the variation of

puted and the image is saved as a single frame.This proc- sound velocity with depth, sound ray paths are in general

ess is repeated about 2000 times to produce a movie. For curved, and a typical ray plot will illustrate computed ray

each frame the "observer" and "look-at" positions are paths for a selection of launch angles. Examples of such ray

changed slightly to create the impression of movement, paths are shown in figure 4 where ray plots have been * 1
These effects may be observed in a video sequence, which computed for Loch Ness using typical measured CTD val-

will be presented at the conference. ues. Ray tracing models become sophisticated when ab-

sorption, reflection and scattering coefficients at surface
8 Application to acoustic channel and seabed, seabed stratification and topography, and fre-

modelling quency dependent attenuation are also taken into account

8.1 Ray tracing model (Bell.199). 0

In trying to predict the characteristics of an underwater 8.2 Visualisdtion of 3D acoustic

acoustic signal that might be received at a particular depth environment in Loch Ness

in the water column, and at a particular range from the Ray tracing models as illustrated above can predict

transmitter, a ray-tracing model is helpful. The path that a multipath signals and over path lengths of several kilome-

particular ray will follow is a function of the sound velocity ties it is normally observed that multiple reflected signals

in regions of water through which the ray passes, and in arrive very shortly after the direct path signal. if the dis-
turn, the sound velocity is a function of temperature, salin- tance/depth ratio is large, which was the case for Loch

ity (or electrical conductivity) and pressure. Since these Ness. However, unlike similar hydroacoustic trials carried
last three parameters are not constant, one must have out in the Mediterranean Sea, in an open area with a fairly
krowledge of their spatial (and temporal) distribution in flat seabed, in the case of Loch Ness multiple signals were

the three dimensional region of interest in order to make observed after an unexpectedly long del

a sensible estimate of the ray path. Consequently. a com-

mon measurement made in underwater acoustics is a'CTD' During field trials in 1995 a set of I .9kHz ASK test trans-

(ConductivityTemperature, Depth) profile, and the more missions were made over a path length of 7 km. the acous-

:I e ingI sI o 9
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Figure 4: 7Tpical sound velocity profile and ray trace for Loch Ness

tic projector and receiving hydrophones being at mid-wa-

ter depth These tests were performed along the centre

fine of the SW section of Loch Ness, in a stretch of water

where the loch width was approximately 1.5 km. For a

water depth of 200m and a direct path length of 7km. first

and second multiple signals could be expected to arrive

within 20ms of the direct ray, and this was observed to be

the case.A additional group of signals was observed how-

ever with a delay of approximately IOOms.A short calcula- p
tion as follows indicates that these signals are likely to be

due to reflections from the sides of the loch. as visualised

notionally in figure 5.

The path length for a mid-water signal undergoing a single

reflecion in the horizontal plane in such a location would Figure 5: Notional visualisation of direct and side-

be 7.16 kin, as compared with a straight line path of 7 km. reflected ray paths

Consequently, the difference in propagation times would
9 Conclusions

be the path difference divided by the speed of sound, i.e.

160m /1430 m/s = 0.112 s, When recordings of the test It is believed that geographical visualisation adds a dimen-

signals were examined in detail in the region of 0.1 s from sion to acoustic modelling that considerably enhances the

the start of the received pulse, evidence was found of sig- understanding of the overall communication or sonar proc-

nificant constructive and destructive interference on the ess. Consequently, the technique is being further devel-

signal, a characteristic of multipath signals.An example of oped for more detailed analysis of existing acoustic data,

such a signal is illustrated in figure 6. There was also the from Loch Ness and other test sites. Moreover, the expe-

normal evidence of surface and bottom reflections, earlier rience gained through this present investigation sugsts

in the received signal, but reflections with such a delay and that the 3D visualisation is a valuable framework for a simu- S
magnitude would have been unusual for open water situa- lated test environment, where signals from multiple sen-

tions. sors may be fused and observed.

By setting up a flexible geographical framework in which

to insert data as it becomes available the investigator has a
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Figuire 6 FIrst arrival of signal reflected from side(s) of Loch Ness. lower trace is reference

Eastern approaches to Dunedin
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Figure 7 Visualisation of approaches to Dunedin, From limited data set,
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Loch Goil Scottrd - simvIated acoustic test envronmrent
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Figu re B. Visualusation of Loch C'oil acoustic channel,

powerful mechanism for data loggng and analysis (Dunbar historical records and digital data sets respectively. in the

et al. 1990). As an illustration. figure 7, the Easatern ap- production of visualisations referred to in this paper. The

proaches to Dunedin have been examined on an Admi- authors also wish to acknowliedge the support of the EC

ralty chart and a 3D perspective view produced under MAST programme, the UK Engineering and Physical Sci-

MATLAB(R). using 23 x 14 points and cubic spline inter- ences Research Council. and the UK Ministry of Defence.

polation. to provide a visualisation which could be used. in projects which have included field trials referred to in

for example, as a first step in modelling the arrval paths of this paper; and the assistance of Miss Linda Put ves of H-e-

ocean acoustic signals. As a further illustration, figure 8. a riot-Watt University in the transcription of historical data.

section of Loch Goil in Scotland has been modelled using

a similar approach, and this model is currently being used I1 References
to interpret hydroacoustic signals received during recent Sell j.M. (I "S) A Model for the Simulation of Sidescan
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Abstract Background

The New Zealand Resource ManagementAct emphasises, A successful forest industry based on intensively managed

among other things. the evaluation of the effects of for- Pius mdieta plantations has been part of the New Zea-

estry operations, and the inclusion of those affected into land agricultural economy for over 30 years. Currently the

the decision making process. Visual images are a useful S.5 million hectares of plantation forest is the third major

method for displaying the effects of planned forestry ac- contributor to the New Zealand economy, forest prod-

tivities, and are easily understood by most of the general ucts have a market value in excess of $2.6 billion annually

public.While the creation of fully accurate photo-realistic and provide employment for twenty eight thousand peo-

images is still the domain of super computers, it is possi- ple.Typicallymanageenmt scenarios involve mechanical and/ 4

ble to come close using data visualisation techniques that or chemical site preparation and planting of genetically

have been developed for a desktop computer. improved seedlings, followed progressively by thinning and

The data visualisation techniques reported in this paper pruning, and then clear-fell harvesting within rotation in-

focus on the creation of photo-realistic, oblique view im tervals of approximately 20 to 30 years (McLaren. f3).

ages depicting the predicted results of alternative manage- These same plantations are essential components at-

ment activities.A Geographic Information System (GIS) is ing the scenic beauty of the New Zealand landscape, a key

used to develop a digital terrain model of the scene. Other butor to the quality of outdoor recreation experi-
ences and to a growing tourism industry. Commercial for-

information from the GIS database, such as forest stand

boundaries, is shown on or draped over terrain model. estry practices are encountering increased public objec-

Biophysical models are used to'grow` the trees to be placed tions from tourists, recreation visitors and more sensitive

in the landscape using software called S- et 1. Ci local residents, particularly in areas with high visibility.

breted analcal images are positioned on the terrain model The responsibilities of the commercial forest industry for

to match the planned forestry activities.This creates rep- visual/aesthetic value protection have been unclear in New

resentations that are sufficiently accurate in all dimensions, Zealand's past, Neverthelessforest managers have histori-

and facilitates rendering photo-realistic images.The resulting cally forgone scheduled harvests in some visually sensitive

images have been used in surveys to gauge public prefer- areas or have used techniques such as landscape screening 5
ence of forestry options, and amenity planting in an effort to mitigate visual effects

and maintain desirable public relations (Moore et o,. 1991;

SH
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S1301ns and Conway 199 ).The more recent dedication of the output of numerical models of atmosphenc disper-

the forest industry in New Zealand to the improvement soon that we used to derive human values for the im-

of visual environmnta quality can be largely amtrued as pacts predicted on scenic reources in the canyon. The

a response to the Resource MantageentAct (RMA) (Par- study established the effectiveness • f computOr techniques

liament of New Zealand, 199I ).Thus, the provision of tools but used computing resources beyond the means of typi.

capable of effectrvey proiecting and assessig the visual cal natural resource agencies. Speciic applications with

aesthetic consequeces of alternative forestry practices is forestry relevance Include Baker and Rabin's (1988) study

a challenge for researchers and essential for the modern of the visual effects of limb rust damage on national forest

forest manager to aid the development of appropiate settings in northern Utah. the Orland et al (1993) study of

policies and practices. the impacts of insect damage and silvicultural responses

on the scenery of the Dixie National Forest in southern
The RMA controls activities such as use, development or Utah and Orland. Daniel and Haider's (1994) application

proZtaection of t heatrl and iclesoiurce of New to the visualisation of forest harvesting in Northern On.
Zealand and is based heavily on the investigation of the tr

'eflects' of a proposed activity, rather than on prescribing

which activities shall or shall not be allowed. It includes Athough. activities such as forest harvesting have an obvi-

the ethnic Philosophy of Kao ngo - the exercise of ous visual effect, it has been difficult to accurately calibrate

guardianship of tevisual landscapes to known levels of forest attribute orturin h epo•d land and. in relation to a resource, in-

cludes the ethic of stewardship based on the nature of the management activity. pictures offorest harvesting have boee

resoui ce itself. In addition to consideration of 'effects', used as illustrations of practice, rather than as one of the
any mitigation efforts must be communicated cleary m analytical tools in decision support.As part of an integrated

the forest operator, regulatory authorities and other in- study of forest harvesting values. a survey instrument was

terested partes.The reasons for public objections to corn- developed that used an extensive library of images to rep-

nercial forestry practices are diverse and compl, and resent key variables related to anticipated forestry activi-

Svisual impacts are a substantial contributor (Kilvert and ties and the visual quality of the forest setting.The image

Hartsough, 1993).Abrpt alterations of scenic erronmen. set comprised computer scanned photography manipu-

ctal settings (Thompson and Weston. 1994) may pose di- lated to reflect a range of attribute levels representing dif.

rect threats to tourist and recreation industries, as well as ferent management regimes and resulting changes over

residents environmental q~aity expectations. In addition, time. This report describes the procedures followed to

visual effects often precipitate public concern for other develop the image sets, the validation procedures used for

potential environmental and cultural impacts, calibrating the imagery. details the perceptual survey tech-

niques and presents the public response via an attitude
Gen•el the public are ableto readily identifyvisual change

in the landscape (Benson and UlIrich. 1981; Kilvert, 1995a; survey to current and alternative forestry practices.

Kilvert, 1995b; Swaffleld, 1994) and visual images are con- Method
sidered an excellent medium for communicating the ef-

fects of forestry operations to the public (Daniel and Boster, Public Survey Design Issues

1976, Daniel ec., 1 0;,Orland. 19a8; Orland, 1992).The The verbal Protocols common in pencil and paper surveys

idea of using images; caibrated to known resource at- of public opinion can be generated automatcally.Vam

tributes to derive human values is not a new oe. Malim et phrases can be drawn from a look-up-tabje to fill the re-

df (19618) used image processing techniques to develop quirements of an experimental design and construct the

images of pollution plumes in the Grand Canyon, based on survey instrument This process works well with words

228 ProcWeengs of GeoComputation '97 & SIRC '97

,~ ~ ~ ~ ~ ~~~ .. ....................'.',i-,:,i ,.....>:.... ... ,.',:.•'";! !,!



which serve theni as abstractions of the Winds of condi- essent"a to address the constraints posed by Wmages early

tions represented by the indepoendnt variables in the study. in the design process.

For Instance. the words "Sixty metre buffer stp"' stand

for any combinatioin of conditions that can buffer place A Th study required that a number of attributes would need

fromn place B by about sixty metres.The precise configura- to be represented visually but more signfiant was the

tion or components need not be specified for the reader interaction of those attributes; in the visual display. Sur-

to have a mental image of what is intenided. rounding scenery can be shown as a separate Issue but
size of forest cutting operation cannot be separated from

Thi situation is quite differn a when usifg pictures that the forest type where it occurs. the shape and location of
immediately malie the mental image concrete. The same the cut, what is left as residual, or the sage of recovery of
sixty metre buffer must be shown as vegetation. or not;as th cut. This distinction made .t necessary to edi single
one species. many. or a mix;as a particular density or tex- Iaetomchscictonfrmthe exprmients de-

am o a ealsticsurace andin he ontet o a ur- sign so that the appropriate attributes could be seen con-
rounding matrix of other forest.The consequence is that. currently.
while a verbal phrase can be used repeatedly as a surro-

gate for a general concept of forest attributes, a picture Creating the Visual Instrument

implies a secific location and thus cannot stand as a Sill' The landscape images; choseni to represent forest condi-

rogate for multiple situations. Moreover, seeing represen- tions in this study were taken at roadside locations in the
tations of the same resource attribute in different con- Golden Downs and Rai Forests in the Nelson. NZ. area.

texts brings into question the validity of ho atrbue Locations were chosen in concert with FRI staff and staff

are represented. Given our intention to develop visual fo h lthrCalnecmaywihmngsmn

protocols to address ranges of resource atibutes, itwa of the timber holdings in those areas. Table I illustrates

lhbie 1. The design rmtrix of scene attributes 0
Pre4isirvest Plost-harvest 2 yewrs 3 yea"s 9110 Years 20 years

eergn g dose prwied & mature

vislible, rows cn tmind frs

Logng -rctc Raw orlentation
RaiBridge hauler contour***

vertical***

Wak-ti hauler contour***

vertical***

Inwoods hauler contour***

vertical***

Kerr's Hill hauler contour***

vertical***

skidder contour***

vertical***

Norris Gully buffer contour***

vertical***

no buffer contour***

vertical***

Proceedings of GeaCompuatanon'97&SIRC 97 229



the Image stt dmee with be Initial Wages. four manage- Implementation of SmartForest IH
ment treesments. and b4 time Steps in sceFnro develop- The New, Zealand forst I sry use iai tf-

mom Implauuible combintionswredelibrately eluded est management decision support systems (DSS) for

from the S g ro d yed pedi valation and e modell-

lDng For our study, future forest stnd conditions were
Developing the Set of Oblique Views d . 1990).a DSS de-

A Airst stop to Image creation was to create a library of sined t model individual snd growth and yield while

source imagery. Since the roadside view was central to omnising saicurainement altratives Forest

the study. the image library needed to be taken from a hvesting plans were dloped consultation with for-

similar viewpoint Durng the spring of 1994 more than eat maaes However, despt havin careuly deveoped
thres thousand photos o(forest conditions were collected, harvsi plam and proected future plantaton conditions.

around Golden D~owns and Rao Forests near Nelson, and to portray that information in a visual medium by con-

Whakarewarewa Forest at Rotoru. struting accurate data driven visualisations is a complex

The camera was a hand-hel Nikon BMO with autofocus task.

and auto exposure.The maority of photos were taken at Wingasi3DprojeiofrmGISdatadonot

a 50 mm focal length settingA moderate telephoto lens of adequate display the height of"layers" of trees on the land-
85 mm focal lengt was used at times for finer detail.The

scape so that visibility can be verified, and the thickness of
film was Kodak Ektachrome Elite, a i GOASA semi-profes linear graphical elements is such that boundaries seen at

sional colour film with reasonable speed and good colour oblique angles cannot be diffrentiated. In our study a great

rendition.A polarising filter was used at all times and cam- numbe of attributes need to be represented visually but

era direction of view was held between I S and 60 degrees equally significant was the interaction of those attributes

of a line directly opposing sun bearing. These latter two in the visual display. For example, the size of a forest cut-

measures were to maximise colour saturation.Three hun- sing operation cannot be separated from the fores type

dred images were selected from the entire set based on where it occurs. the shape and location of the cut, what is

an appraisal of image quality as well as suitability for filling left as residual, or the stage of recovery of the cut. This

the experimental design requirements.These baseline im- distinction made it necessary to use a software system to
ages were transferred to Photo-CD format by Kodak.

create schematic analytic visualisations to match specifica-

A resolution of 768 x 512 pixels and 24-bit colour depth, tions from the experimental design and to verify that the

was used for this project, a compromise between quality appropriate attributes could be seen concurrently.

needed and the size and concomitant complexity of large SmartForest II (Orland, 1994) is a landscape visualisation

image files.Adobe PhotoshopTM 
software on Apple Macin- software package capable of displaying a schematic repre-

tosh computers was used for image manipulation. Orland sensation of tree densit, size and homogeneity of stand

(1988. 1993) has described the evolution of typical uses of compositi in correct visual perspecti ard was desiged
these tools the basic techniqes and issues of image valid to deal with planning forest landscapes at large scale but
ity and utility. AN images underwent histogram equalisa- at the same time to be able to develop specific manage-

tion to achieve the best consistent contrast and colouration
thrughut heimae st a i wa clar tnent strategies at a small. tree-by-tree scale. Real time

throughout the imag set as it was cler at the outse that display of viewsheds and the capability to move within the
the study design would necessitate considerable image scene data space makes the tool eminently su"able for

editing and the use of an extensive source image library, landscape planning applications. The software requires a

Silicon Graphics or IBM RS6000 platform and is available
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vim dae ald~d mt h fnimbod~9.adwckumic.eg SinetlForest 11 uses a Stand Hie to provide inormation

SFISF0u about the lcaimon of stand boundaries to superimpose

For our appilcation each of the dv's* component data on tie OEM. vector "ie continin data for aaci of the

am~~~ ~ ~ neesr to drvSirltantNsmlain w- dscape management sceanarioe in our experimental do-

pi ovie by integraition adofie output*anfo other sot- ava m deei -1 d usa T~erraSokOg)GIS (PCI. I9%) be-

wo sstw A igial ari - (DM) o p ov fore bwqi translated to ARCJINFOO stand boundary

topographical data for creaingw the WrAform features; was CV3e

generated from elevaimo damn stored as contiour covet- As Smardorest 11 utulases gridded data (where grid cells
qe'sma GIS.MCJINFO (ESRLI, 19).Toderiv a OEM sadaeui htdtrie8 reLs

are assigned sadWmfesta ltmiiteTe m
ii wolivd stepping through a number of processes to con- attribute data to be placed at that location) the stand
veot do data to a grid of data in die USGS OEM focrmat boundary coverage's were translated into a grid format.
supported by bohRM FO ad Smar~orast 11. Prnob- for each age step to be vissuahsed. Finally.the~ree Last FHas
lems werea encountered in making the final -ns.oma Io (which provide records of t8w vegetation to place in each
to the DEM. largely because of the diflfrences in coordt- stn co oaim were genraed for each age class to
nate systems, units, and conipleteuness of metadata, in the be reparesented in the visualisations (0. 2,6.,10,20 years)
NZ records versus thew exacacaon of t8w ARC/INF04D by susttution with STANDPAK model data.
software. Workt-arounds were developed that involved

manual editing of file headers to ensure an accurate OEM SmarForest la s effective at showing significant structural

9--ad--changes in canopy configuration, such as edge conditions

created in haa-vexsthe,8 effects of close range tree growth

I IN

Ffgww 1: SmartForest 11 data driwmr analytical vmsulzsa non (upper) and Adobe Phntoshop- edited image Qlower)
for 1999 projection.
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in bufer plienings on vlbsy of distant operations. and Further reviews to verify attribute scaling

throug use oflah. colour to show non-visibile character6 As the image sea proceeded to completion it was critical

latics such as size class age, species disribution and to determine if they matched the desired attribute scaling.

slivclctiurall history. Smart~ores II vlsualisatlons can be and if the forest conditions wre represented accurately.

stepped through a Wtim sequence to generate analytical Because ofldhe distances between key participents. images

Ain iton for each viewpoint and scenario within the wee encoded as comnpressed JPG flSo and transrmited

exeietldesign (Figre 1). Extensive use was made of via ftp over the Internet.

the analytical sarmulations to guide wnsge editing of die firs T h chrceitc main senesm particularly difimcult
soft oporelltic vilsualln inns.This app naroa povdd both to design and construct as a visuallaicsoo were that

a damn drivWen and defensible linkag to the image product. the scenes represented many different forest areas in an

extensive landscape setting such that stands would be at
Creathig Calibrated Images dfentviewer*ob cl istances and! orientations. ANl kn-

Once the desig issues were resolved, the assembly of the ages detailed in the desio (Table 1) were completed and

images was a somewhat rnechanicl proces of takngu. successfully included in the attitude survey instrumnent.
age portions and combining diemn to fit dhe design specifi-

cationsAdobe Phtshop- Pg editing softwaeai is th Pterceptual Survey
de fact standard for this task. image editing processes ame Visaisations of alternadv forest pantation management

tirn-cosuvingand ~nsve nd espie te etenive scenarios were used in a systematic assesanient of public
preparation wort, it wa ifcl to aheegood fit be- preptions of the visujal consequences of each scenario.
tween image parts. It was also intellectually taxing to syn- Teprptaassessment was aprachied in two for-
thesis the multiple concurrent demands of the study de- mas [1 *ard oprsn ~mti hc vra
sign into a single image. lHoweve at this time the realism visual effects of alternative management plans wer repre-
achievable byv mo~ re d~w* data-driven vsaitonols sented across a fuill rotation for a single stand, and (21 a
is not good enough to support choices inolf th ap- single-scene format in which the visual quality of individual
pearance of scenic resourceL views (each depicting only one stage of die p~r5.E

At three stages during the evolution of the image set. a from harvest to re-establishmient to final mature growth)

process of intensive review and validation was undertaken, was rated in the context of a sampling of typical New

Zealand plantation forest scenes.The rationale for the two
One-on-one direct expert input procedures was that die paired comparison procedure
To further verify the shared understanding of forest con- provides the most sensitive assessment of perceived over-
ditions. the collaborators held an intensive workshop sea- all differences between the management options repre-
sion to identify bese and guide iniages for all scenes and to sented. hie the single scene procedure more closely ap-

specif Onag edsiong directions for the #W edtos proxinmae the typical context in which a forest visitor

m~igt encounter the effects of forest management on the
First-round review to verify image lnsas
specifications and guidelines

After the Amrs attemrpt to meet design specifications. all Thle Paired comparison survey was presente in an indi-

images were sent toFRI in dratform for review .n feed. vidual interview procedure applied to both New Zealan

back A i = Imgs woomald wit Intrcin an residents and to saniples of foreig vlstors.The single scene

returned to die mage editors asesment was presented to groups of Now Zealand resi-
dents and to one small group of foreign visitors.
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Paired-comparison formal: regrowth) for one of the nesiegument approaches (elg.

Visuselludtons for each wmenegaint sceiri for each rep- vertcal or convour planting) slimulated for a specific sae

resenited site wae laid out as individual colouir prints ar6 (e4.gthe Rai Grdge site). Comperisons &IW.~s inwolve dif-

rayed on single ^4 peges of a test "booklet" (phoco-al- liereaw menagenien plaitsapplied toa single sit. parict-

bum). For each site-mnangement scenario idvdalsee pants wer not presented with any comparisonsbewn

were arrvyed in a sequence from:~ PI orfglnal condition the differen fores sites For each pair of visualsed alter-

(mature forest 0);[I inmmediately ater harvesaing [M) new natives (facing pages). the participants we required to

forest (2 years after planing. [Ivj young foes (3 year); select die one alternative which mn their juitement repre-

(vj after thinning and pWiing (10 years); and [vij back to senited the best overal Visual elects

mature forest (20 years).

Forfor o te Ivefor stesreoi~ntd (aiWife. single scene format

or , forwof & and Kerfrest sills rpenthed( mangm ntlans A selection of die Individual sceneCs that composed the

compatid diffoods any nd whethell the maaeetpas overall visualisons for each management alternative at

compaefredt dferedowninalY can~ u harvest wa con each site wer chose for presentation to groups of New

plhhed by planting new trees in vertical rows (running up Z~w Weselctdtorpeents.Frec forest cnditionst oprehsar-

die slope) or in horizontal rows (following die contours 10 eetdt epeetfrs odiin tpela

of te sope) Rem 2 Forthefifh sie (orrs Guly)two vest. immediately after harvest. after two years after 1

pair of cenaioswei cret*4 he m coparig veti- years and at fuill re- growth (20 years ps-uret.hs
pair ofsceario wecreteddiefirt coparng ilt individual visualisation scene wer rendered into colour

cal planting widi and without a buffer of trees, Figure 3. (in slides, divided into two presentation seas and mixed with
diis cas larch) screening die harvested-planited are and 30 additional colour slides depictin different scenes of
die second comparing contour plan"iu with and without tyia foetpatto sates in various stages of harvest

die screening buffer. an regrothti

The resulting six visualiisation pairs wer incorporated into Individual participan groups wer shown one presenta-

the on ooket o tat he wo ateraties or achde- tion set. so that each group saw between 3 and 5 "ver-
pxcte forest site (vertical vs. contour planting. or buffer sions" (harvest/re-growth stages) of a given forest sate,
vs. no buffer) wer displayed on facing pages of die book- rwxk4 muted widi 3 to S versions of each of die other
Iet.Thus, participants; were presented with pairs of visuali- iulaonU ad30thrses.Teglofhs

sainpages. ihec page presenting th pr eelp ocedure was to better represent the context: in which
mental steps (pre-harvest through cutting, planting and

Ffgatre 2: Rai. Bridge, age 8, contour (left) vs. vertical (right) planting schemes
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Figure 3: N• .s (;Iit,1j tat 2. utrta ItoIl I It (tI I l. In it f t . 1t) br, 11 lftel til•.l

forest management effects are typically experienced by maximise exposure to a diverse range of potential par-

forest visitors, e.g., many different sites are encountered, ticipants. where there was expected to be a relatively rapid

and each site is in one or another stage of development, turnover of people (such as a town center or a visitor

Participants were required to rate each of the 50 scenes information facility), and where people would be expected

on a ten-point scale that extended from "very low scenic to have time available to complete the survey (such as the

quality" to "very high scenic quality." Interlslander Ferry and the airport). Given these criteria, a

number of locations were selected.
Participants and procedures

No attempt was made to achieve a formal "representative The town centre. the Polytechnic. and the Airport loca-

random sample" of either New Zealand residents or of tions were primarily aimed at the local resident popula-tiondhm snterelandfreFerry wsechoeelaad lielydtotpro- of

foreign visitors for this perceptual assessment. Rather, a tion.The Intertslander Ferry was chosen as likely to pro-

"�convenience sample" procedure was employed. which has vide a higher proportion of overseas visitors. Christchurch

proven adequate in similar previous studies (e.g., Daniel & and Rotorua locations provided mostly New Zealand resi-

'Soster, 1976; Malm~et Wf., 1981). Candidates for the paired- dents who lived outside the immediate area of the study.

comparison portions of the survey were intercepted by Other locations included the town center in Richmond.

two interviewers at highly frequented locations in the re- several towns near the study area, and nearby recreation
areas. P

gion of the forest sites represented and asked to voluntar-

ily participate. For the individual scene presentations to The interviews were all conducted between 9 and 24 Feb-

groups, an attempi was made to sample a cross-section of ruary, 1996. Interview times were selected to concur with

New Zealand resident groups that were a priori expected observed peak time of occupancy which was typically

to have different perspective's and values regarding forest around midday. The most successful areas in terms of

plantation management. number of participants were the Nelson Airport and the P
Interlslander Ferry, both due to the number of people pass-

I'aired-compariom sample ing through and to the relatively large amounts of time

The paired-comparison assessment was conducted by in- people spend at these locations. Also, people in these ar-

dividual intercept interviews carried out in the Nelson eas were typically seated, which apparently made them

Region and in Christchurch on the South Island and in more willing to participate.

Rotorua on the North Island of New Zealand. Locatons
The intercept interviews were carried out with the use offor the interviews were chosen to provide a targetr number

of 500 participants, divided between New Zealand resi- the "booklet" (photo-album) of forest management
visualisations described above. It was found that the most

dents and foreign visitors. Interview sites were selected to

I II I 1 I I I 1

S• ..... ~23 f'ot_ e tc . ........ .. .o.a(; .. .......... . ..Q _o . . ..( *t .. ........ !... _ • . • . . . . o ." [.. . • . .. 7.



INOSenhutatle #

efective wer of interviewing the public was to approach Demographic and other information

themn as dy wer waiting and ask them if they would MIr Each prcipant in both the ied-comparison and the

to participate. For their ese, the participants were giver a single-scene presentabon groups completed a brief ques-

clipboad and pan so they could msa all the time required tionnaire about themselves and die nature of their experi-

to study and complete the questionnaire. The question- ences and relationships to the New Zealand forests and

fae and answer she•t to the survey wr designed to be landscape. Resident participants provided ino n about

as logical and as simple as possible so dht it would apply place of residence, ethnicityfrequency and conexts of visis

to the graitest cross section of the public. For each visu- to fores areas. family involvement with forest industry.

alisation-pair, pariipants were required to first choose and environmental group memberships. Non-residents

the alternative which they judged as presenting the best provided information about country of residence. number

overall visual quality, and then to allocate 1010 "points" to of visits to New Zealand. purpose of present visit, and

indicate how much better thde preferred alternative was. memberships in environmental interest groups.

An allocation of 50&50 indicated no perceptible dilerence- IIn add~tion0 residents pr'ovided an estimate of the "conti-

the participant was simply guessing--and an allocation of bution of the pine forests to the quality of the New Zes-
100/0 indicated that there was the maximum possible dif- land ladscape" by markingt a line thait exene from "ax-

ference between the alternatives.
tremely negative" to" exrml poitve' Non-resideris

Some of the participants had difficulty understanding the indicated three factors (scenery/landscape, food/accom-

printed instructions. so that it was necessary for the inter- modation. people. adventure activities. Maori culture. wild-

viewer to tale them verbally through the procedure re- life, horticultureweather/climate) that-made the greatest

sulting in more time being devoted to some respondents positive contribution to quality of your visit" and also

than to others. Each interviewer used two or more book- indicated their judgement of the contribution of the "pine

lets, allowing the participation of more than one person forests to the quality of the New Zealand landscape" us- p
simultaneously. ing the same line marking procedure as used by residents.

Individual-scene group sample Results and Discussion
The group presentations complemented the intercept in-

terviews by purposely targeting different sectors of the Visualisations I
overall survey population (e.g.,forest industry groups, com- As part of the intent of this project to provide new forest

munity political groups, and environmental interest groups). management tools and to guide forest managers in satisfy-

Letters were sent out to local interest groups in the Nel- ing multiple resource objectives it is important to evaluate

son area, with the goal of contacting a wide spectrum of the usefulness of the tools used in this case study in rela-

interests related to forest plantation management- tion to operational forest management practices.Ahough

The group presentations were each of about three quar- the development of the visualisations was successful, the

ters of an hour in length. Each session comprised a brief complex nature of the data and tools utilised for our visu-

introduction and instructions (ptponing discussion of the alisation process would require customisation. integration

objectives of the study) followed by presentation and rat- with individual databases and operator training before they

ing of the 50 slides. Only after all the ratings had been could be used routinely in a production manner.

completed, was there an explanation of how the We recognised that issues of integration and accuracy of

visualisations were produced and the objectives of the each of the diverse data sources would be critical to achieve

study, photoreslistic, defensible, data driven visualisations. Sev-

Prvced'ngs of GeoComputation '97 &¢ SIRC '97 235

P.,; •,{, { +, t+; , 7• -+...+.!:7 ++: ''I" , .+77 W . . + ' . , . ,:



- -4 - *~ *,- --- U- -~

oral factors contributed to our success in providing Paired-comparison results

visualisations of future forest conditions on a complex As indicated in Figure 4. participants did not exhibit differ-

landirm involving a number of individual oest stand corn- ential preferences for the visualisations of vertical planting

ponents. name. the accuracy of the spatial data, avaiabd- as compared to contour planting methods.The Rai Bridge,

ity of well validated forest modeling systems and suitable Wai-i. Inwoods and Kerr's Hill sites all produced average

landscape visualisation software. point allocations for the Vertical option that were very

near (and not sniialn~tly different from) SO/SO.With re-
SmartForest II software is a suitable tool for integration

with routine forest management practices. however, all o gard to the comparsons of buffer vs. no buffer (the Norris

the data sources necessary for its operation am not rad- Gully site), the visualisations that retained the buffer of
larch trees screening the harvested area was consistently

ily available for much of the New Zealand forest estate at

present. Development of al i y iand substantially preferred for both the vertical and the

contour planting options represented, with point alloca-consuming, expensive and requires skilled operators.The

key for forest managers however, is to realist wt is dons averaging 80/20 in favour of buffers in both cases.

sible with the increasing use of integrated GPS. digital pho- Figure 4 also reveals that there was very little (not sinifi-

tography computing technologies and to simply start col- cant) variation among the responses recorded by the par-

lecting the data. ticipants intercepted at the various interview locations.

We recognised a"spin-off" benefit during the i d- Similar comparisons also failed to find significant difier-
ences between residents and foreign visiors. FigureS5 com-

ing phase where it was necessary to generate a consensus

view among a panel as to the representation of conditions pares the responses of participants indicating different re-

on the ground. We found that this view ma* in tam be lationships to the forest landscape-those indicating di-

more valuable information than a precise biologial de- rect personal or family involvement in forest intry, those

scription. While there is an obvious need to supply the indicating membership in environmental interest groups

and others. The same pattern of lack of preferences be-management process with better information, the collec-

tive judgment of ex ienced magers is also a valuable tween vertical and contour planting schemes, and substan-
tial preference for buffers are repeated, with no discern-

source of data. A possible by-product of such collabora-
ible diffe.rences among these interest-defined groups.

tive reviews may bea better grasp of the salient issues and

a better shared understanding within a management group. Single-scene results

This speculation is untested, but based on our interpreta- Ratings for each of the single scenes were averaged across

tions of observing other review processes. all group respondents. Results for two representative sites

are graphed in Figure 6 (comparing contour and vertical

Perceptual Survey planting schemes for the Rai Bridge site) and Figure 7 (com-

The primary results of interest were the expressed pref- paring buffer and no buffer scenes for the vertical planting

erences among the visualised alternative management sce- scheme at Norris Gully.

narios in the paired comparison interviews and the scenic While the pal teIired comparson results indicated no differ-

quality ratings provided by the groups in the single-scene ence in pre•erences for the overall visual effects of vertical

assessment In that context, comparisons were made in and cOntour plntn apprahethere is some indication

the assessments provided by residents and non-residents, that contour plantng was udged to produce higher sce-
an ong t ssample l groups nic quality at the two points (age 2 and age 10 -post thin-

represented. Results for the paired comparison and the ning and pruning) where the two plntn patterns would

ge scene portions of the study are reported separately be the most visually conspicuous. The pattern of ratings

below.
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frteindividual scenes depicting buffer and

OD no buffer conditions is consistent with the over-

70 all preferences expressed in the paired-compais-
TMNR son assessment where buffered scenes were

SD POYTECH consistenuty preferred.

30IRTOvjA Questionnaire results
.OTHERI

20 Table 2 presents some of the more important

10 results from the brief demowgraphic-forest ex-

a I perience questionnaire. Of particular interest is
RW4 NmsibG.A W"4 kMWe (W5~ M~ iNs a comparison of the importance ascribed to the

Figure 4: Paired comparison scores by loation and site "pine forests" contribution to the quality of the

100 New Zealand landscape by residents and visi-

tors.These data were derived by measuring the

90 location of the marks on the line provided on
80 the response form, and then transforming that

70 measurement to a scale that extended from 0
60 at the lowest end to 10 at the highest. As the

50 table reveals, Nelson area residents (closest to

40 the study area) indicated the lowest (slightly

3"0 negative) opinions, followed by other New Zea-
20land residents (slightly positive).The foreign visi- 0

10 tors tended to ascribe very similar, and substan-

01 1 1 tially higher values.
Pa andpe Nom Gully Wa-d Inwoods sKNwCi

13 Enk 0 Fo.,dr 9 Non-resident visitors were also asked to indi-

SFigur 5: Scores by relation to forest landscape groupings and site cate what factors contributed most to their

RoliBridge Norris Gully

8 8

CC
6

howU. NaýW st'gs2 Agul Age 10Age 20 ~ Iia~raAgsL2 AgeS8Age IOfte 20
Coaneaw Veet*a Buffr NoBufe

Figure 6: Perceptual rating for contour versus vernical Figue 7, Perceptua! ratings for bufter versus no-
planting schemes buffer for vertical planting schemes
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7b'le 2: Contributton of pmne forest to the Neu, Zeoland la•dascape (sco•e), ot,•,ged by esul•et (itylp ad re•imldent

Resident Ie pe Resident Origln Number of -espondents Score

Residents Nelson and District 185 4.75

Other South island 85 6.10

North Island 96 5.94

Non-Residents Europe a) 7.40

North America 32 7.60

South America 12 7.50

Asia & Others 9 7.90

S02

enjoyment of their .;sit. Based on the number of positive Daniel, T C. and Boster. R. 5. (1976) Measuring lar dscape

responses recorded, scenery was the most important posi- aesthetics.The scenic beauty estimation method. USDA

tive factor (109 responses), followed by people (76 re- Forest Service Research Paper Io7, Ft. Coffins, Cotorooo.

sponses) and weather/climate (62 resnses). Daniel,T C., Orland, B., Hetherington.J. and LaFontaine, J.
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Abstract Conventional approaches to this problem include scroll-

Visual information overload is a serious problem for users %zooming and split windows. Howevereach has its faults

of geographical information systems (GIS), or other appii- (see eg. Churcher I "Sa) both in terms of cognitive load

cations with complex displays. where the requirements of for the user and clutter of the precious display real .

access to both local detail and wider context conflict.This The terms "fisheye view". "distortion-oriented presenta-

problem is compounded for users of real-time groupware tion" and"non-linear magnification" are among those used

applications by the need to maintain awareness informa- to describe visualisation techniques whern the displayed

tion about other users and their actions. In this paper. we image is transformed in some non-uniform manner. Since

describe our use of fisheye views to assist with visual in- Furnas's (1966) introduction of the concept, there has been

formation overload management in GROUPARC, a light- much interest in these techniques as a means of improving

weight real-time groupware application for browsing and the usability of complex graphical displays (for a bibliogra-

annotating GIS data. phy see Keahey I 997).While cartographers have made ef-

fective use of exotic projections for some time, the exten-
I Introduction sion to dynamic interactive interfaces is more recent

Our capacity for assimilating complex visual displays, such (Sarkar & Brown 1992. Sarkar & Brown 1994, Churcher

as GIS data is limited.The phenomenon of visual informa- 1995b).

tion overload occurs when this capacity is exceeded. typi- The central idea is to emphasize "relevant" regions of the

cally resulting in confusion, oversight and errors of inter- displaand de-emphasize less relevant areas, without loss

pretation, of context.This is achieved by transformations which dis- S
The ability to focus on regions of interest in detail, while tort the distances between features while preserving con-

retaining awareness of context, is necessary if users are to nectivity and topological relationships. Figures I and 2 show

visualise and comprehend complex graphical information some examples produced from a teaching tool we have

effectively. It is important for users of GIS to be able to developed. An important concept is the focus-a region

examine not only local feature detail (e.g. utility access where interest is concentrated-and distance from the

points on some land parcels) but also to be aware of re- focus is part of the measure of relevance or importance.

lated but spatially separated features (e. high voltage net- Fisheye transformations are discussed further in section

work). 2.
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(a) No transformation (flat) (bi) Tansfbrmed (equation 2)
FIgure 1. Experimenting with fisheye transtbrmations

The problem of visual information overload is particularly Maintaining each participant's awareness of the presence,

important for Computer Supported Collaborative Work location, intentions and actions of others is an essential

(CSCW) applications-also referred to as "groupware". element of successful groupware and innovative techniques

Baecker(1993) provides a good overview of groupware. are being developed to address the issue (e.g. Greenberg.

Simple examples such as drawing tools are becoming com- Gutwin & Cockburn 1996). GROUPARC's approach is dis-

monplace in the commercial environment but there are cussed in detail elsewhere (Churcher & Churcher 1996b,

many challenges associated with extending the concept to Churcher & Churcher I 9•6a) and in subsequent sections.

include"serious" applications such as GIS. There is currently much interest in developing CSCW GIS

The collaborative GIS browser GROUPARC (Churcher & applications (Armstrong 1993,Armstrong 1994. Faber et

Churcher 199Gb, Churcher & Churcher 1996a) is an ex- al. 1994, NCG 1995, jones et al. 1997). We envisage the

ample of a GIS groupware application. It is a flexible light- gradual introduction of both CSCW capabilities and dis-

weight tool enabling users located anywhere on the internet tortion-oriented presentation techniques into mainstream

to share, examine, discuss, annotate and visualise GIS data commercial GIS products over the next few years. Each is

in real time using using a What You See Is What I See important in its own right.

(WYISIWIS) model. It might be used in situations as di-
Our current research concentrates on lightweight brows-

verse as a classroom exercise or a geographer in the field ers rather than fully-featured GIS systems. There are a
debating planning options with colleagues in another coun- number of specific differences. Firstly. GROUPARC allows

try. users to work with GIS data without requiring them to

Users of CSCW GIS applications must not only contend have the same GIS software--or any GIS at all! Conse-

with the problems discussed above but also with the quently lightweight tools such as GROUPARC offer an al-

processing ofaddional information associated with aware- ternative to simply waiting for vendors to embrace stand-

ness of other participants in the conference. ards. It is envisaged that users will still turn to a fully-fea-
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urin GIS for resource i vn e itasks such as complex displaqi reon onto itself in order to minimise parring visual

sp queries and aopolial* Lightweight tools effects. In particular. the focal point. and points on the

offer extensive opportunities for extension and boundary, should be invariant while other points should

customisation in order to find the mcst appropriate solu- all move away from the focus towards the boundary.

tion (e.l choice of transformation function) for each prob- For otr purposes it is also importan to be able to mom

len Finally, portability across platforms (hardware, com-
the focus to any point within th display to enable ues to

munications and operating system) is strahtforward see most clearly the portion of the display under most

The remainder of the paper is structured as follows. In tde active discussion. In practice, users will move the focus

next section we discuss flsheye views further and intro- precisely to attract attention to a specific area. If we con-

duce the particular forms of fisheye view that we have ider values of xin the range [. ,xj with the focus, xt in

incorporated into our latest version of GROUPARC. Sec- the same range then we should replace the transforma-

tion 3 contains a brief summary of GROUPARC's GIS and tion of equation I with

CSCW features and indicates how fisheye techniques have

been incorporated naturally. In section 4 we discuss some x tsnh (X-xf))x.-x,)+x! (x>x 1 )( (2)

ofthe approaches we have exploredpresent results show tanh( (x -x 1 ))x/ + x j (x < x')

ing some of the techniques we have implemented, and Extension to 2-dimensions essential for any GIS applica-

comment on the relative suitability of each for GIS appli- don, is generally achieved using an orthogonal (Cartesian)

cations. Finally4 some conclusions and indications of the or a polar (radial) approach. Further description of these

future directions of our research are presented in section and other approaches is available elsewhere (Keahey &

Robertson 1996, Keahey 1997, Leung & Apperley 1994).

* 2 Fisheye views Figure I shows a simple application we have developed to

experiment with the effects of varying the parameters and
An essential ingredient in any flsheye interface is a spatial functional form of G and some sample output appears in

transformation function, G, which maps a "flat" coordinate figure 2.
value, x, onto the coriresponding transformed value, x'.The
devative, x isto the corresponding mragnification functin. In the Cartesian form, the I-dimensional transformation
derivativof equation 2 is applied independently to the andy coor-*The main transformation function used in our current work ofeuto2isapedidede othxanyco-

dinates.The effect of this transformation is visible in figure
is based on the tanh function (Keahey & Robertson 1996)

2(a). Under this transformation horizontal/vertical lineswhich has the general form shown in equation I for one
dimensional coordinates. remain horizontal/vertical but, in generalangles are not

preserved (as can be seen in figure I). It is possible to
x'=tanh(x) (I) apply transformations of different powers to each dimen-

where 0 is a scalar parameter. sion (i.e.p, * 0) though we have not found it useful to do

$0.
The tanh transformation maps coordinate values x in the

range [ mo o corresponding values x' in th range In the polar form. the distances involved are not along the

I. lIt is very similar in its effect to that of the function x or y coordinate axes but rather ang the vector =P- f

(d+l) from the point p =(x. y) to the focus Pr -(x,.YO) The
) di+I)E radial component of j is then given by

made popular by Sarkar & Brown(1992 1994) but is easier r = I'• + k,2 
and the poar counterpart to equation 2

to work with in practice. =s pan the r)p+r (3)

For GM we require the transformation to map the fiat r

Proceedings of GeoComputation '97 & SIRC '97 243

W AD



BBBBBBIIBBBIBBII I .4I

me.. 0 6 0 0 0 0 0640C

me.. 0 0

me. C0 0 0 0 a 0 0"01

moe. e 0 0 0 0 0 cee

meR .0 0 0 0 0 0 0 oeo.

(a) Ca. I, 'O.Ol) (b) Polar (0-0.01)
Figure 2 C oinparison of Cartesian and polar tanh transformations (focus at centre of display).

Figure 2(b) shows the polar transflormation, of equation 3. GROUMARC users load one or more coverages (thematcK

The effect is familiar as it resembles that of the ultr-wide layers) and then explore and annotate tdem with text and

angle 'Iheye" lens used in photography Alfthugh this sketches during the course of a discussion.The coverage

transformation bends horizontal and vertical lines it does stacking order is reflected by shading and may be modified

preserve angles more closely. Though we haveyet to by users to handle co-located features.

perform controlled user studies, our experience to date These figures show several aspects of typical GROUPARC
supports Saritar A girown's (1992) observation that users use scenarios User-selected characteristic colours are used
preferred the polar version of their transformation for t itnus niiul.Mliue cobr.cnitn

geogaphcal atLof an ordinary scrollbar plus an indicator showing the rela-

3 GRO PARC ve positions of other users are visible and show that

there are currently three participants whose viewing re-
GPOUFARC was initially developed to expslore the po- gions may overlap (figure 3) or diverge(flgure 4(a)).
tential of lightweight CSCW browsers; for GIS applications Telepointers, which show remote users' cursors as blobs
It is written inTdl (Ousterhout 1994). runs on Unix. Mac- of their characteristic colours. are a further awareness in-
intosh and Windows platforms and uses GroupKit dicator. A telepointer is visible in figure 3 near the check
(Rose~a & Greenberg I99M. Roseman & Greenberg mark beside the text-Soul analysis'%
1996). a toolkit for building real-time groupware applica-

tions (called coniferences).When GROUPARC is rnnWing Fgrs4a)-5(d) show a angle coverage of dama about reads

GroupKit manages the registration of conference pamtc- in pert of Chrlstchurch. The GROUPARC Image wno

pants (who may enter or leave at any/ time) andc communi- (figlure 4(a)) shows a GIF image which has been annotated

cation between the GROUPARC replicas on individual as the three conference participants acquaint themselves
pertcipnt~wad ons Ty~caly uerswillbe artci- with the location of the region to be discussed.

pating in severa additional conferences-such as editors A particular arc has been selected (thick line) as the re-

and drawing tools. sponse to a query ("which arc- has $recno =613?").The
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fRlire 3: Tljpical GROUPARC session

arc immediately to the right has been highlighted, as the This technique is similar to that of the offset lens

user's cursor (not shown) is currently over it. and the cor- (Greenberg et al. 1996) and is particularly effective where

responding attribute data are shown. The text annotation the data is relatively uniformly detailed. In such cases fisheye

"My house" and the sketched circle have been added by transformations move many peripheral features to nearly

other users, identical locations leading to densely cluttered regions.

4 Implementation & experience Figure 4(b) shows the entire coverage fitted into a win-

dow ready for transformation.The position of the focus is

Experience with GROUPARC has indicated clearly that indicated by the magnifying glass at the centre of the fig-

loss of context is a problem as users focus on local detail. ure.

In this section we illustrate some of our approaches to

date. Figure 5(a) shows the effect of the transformation of equa- S
md on 2 with the focus remaining at the centre. All features

The simplest solution we implemented (figure 3) provides have moved away from the focus, as expected from figures

each participant with a floating window containing a uni- I and 2. and the arcs (including sketch annotations) have

formly magnified view of part of the main display.The main been distorted.The text annotations have also moved but,

GROUPARC window contains rectangles (coloured to for clarity, their size has not been changed.

represent the corresponding users) which show the re-

gions each user sees in the magnified window.These may Figure 5(c) shows the effect of moving the focus close to

be dragged around- typically to enable users to align their "My house". Applying the transformation of equation 3

high-detail regions, with the focus at the centre and "My house" produces the

displays of figures S(b) and 5(d) respectively.

7] r I F, •
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We have not yet perorm ed comprehensive user evalua- and in the I -dimensional caue has the form

tin forfhy diin.I aedtleiec DOl~x I x1) APIWx - Dix~xf) (4)
from our cllsgedm students stoest common themes

Pirsti, the system has proe easy to learn and use and Eac hausAP eed prow*arlon its non-spatial at-

we believesa single usee'.controlled parameter is mare niat- trbutes and is indeapendent of the location of the focus. In

ral than the S used in Saeeker & Brown's (I992) system. the cu~e of GIS applications, factors contributing to the

Polar transfornwations seem intuitively mor appealing an API might include the coveae (e4g roeds amre ore rel-

users report greater difficulty judging distances and evant than rivers"), attibute values (eS.sealed roads are

orientations in the Cartesiant form. The addition of grid more relevanit than metalled roads') or cowse spatial prop-

lines assa background cover mih h*Th*l poiar transfoi. ertae (e4g roads in our province are more relevant tha

maton also seems to be preferred where the focus is near ths in neghouin provinces).

the edge ofthe display~where the Cartesianformittends The ditac is mesue fro the feature to the focus

give a crushs of leasures.The simple floatingl zoom window and nW include contuibutions from "conceptasl distance"
has proved surprisingly popular~ It also avoids the percep- as wel as pur spta dim .Freape the distance
am onht the space betweeni features is being maugnified. between two urban locations may be the straight line dis-

Given that Tcl is an interpreted language. the efficiency of vac between themn weighted by the "Manluntan" distance

the transformation is sauslfactory -typially seconds for between them and the number of traffic light along the

the roads cover on an 35MHz SPftCstation 5 - and rot.h (focus-independent) API and (focus dependent)

users have not commented adversely about response times. distance can combine in such a way that the overall D01

The roads cover consists of 791 arcs composed of 2390 for a "very interestingfleature far away is similar to that of

points. Dimtorton is achieved by repositioning lhe points a "less interesting" feature nearby.

so the density of points used in digitsisng can allect the The disla is theni presented in such a way that higher

smoothniess of the result. Ou expserience wit ote prominence is given to the most relevant (i.e. largest DCH)
plications sutests that an order of magnitude improve- fetue at the expense of less relevant (lower DOI) ones.

ment may be obtained by implementing critical functions Thi approachs suggests a solution to the problem of dense

in C. ,regions produced by trwansormatiansAs its DCH decreases.

We are currently exporin two major directions. firs* a feature becomes progressively de-en~iplasized and titi-

our experiences stualst that hybrid transformation func- mately Omite from the display when its DOI becomes

dons are likely to be superior and we are currently devel- less than a user-selected threshold value. For examnple. la-

aping these. Hybrid transformations uniformly magnify bells may ceam to be displayed when their font siz be-

points within a specified regoni centred on the focus and~ comes too small to read, extended features may be repre-

nn-liearly oti rform points outside this region with a sented by points and colour may be replaced bymo-

smoth wniionat the boundary SomeS work on such chrome.

functions has recently been reported by Keahey & 5Cocuin
Robertson (1996).5Co lui s

The ecod dhec epreent moe ofa sep twars e are encouraged by the success of our addition offlsheye

Furnas's (I M) original concept of transforming features capabilities to GROUMARC. They have proved useful inm

according to their degree of interest (DOI). rather than hepnusrvialz IdtaotnyinGJUkC
sessions with other but also in the single user case.

purely spatial location.A feature's DOI Includes contribu-

tions from its a priori intres (API) and its distance (D) Our current efots are directed towards add~ig hybrid
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Abstract interest in the last five years and it is apparent that con-

This paper describes the use of a prototype coastal man- stituent areas such as expert systems will be integral in

agement expert system, to facilitate the extraction of a the evolution of the next generation of GIS (Fischer

salient element of coastal landforms from a DEM derived 1994).1n Moore et aL (196), a conceptual outline of an

from stereo aerial photography. The system, COAMES expert system was put forward for coastal zone manage-

(COAstal Management Expert System). is currently under ment. an area in which there has been very little research

development at Plymouth Marine Laboratory and the compared with other disciplines in the geosciences. It fol-

University of Plymouth.The sub-landform to be extracted lows that the application of expert systems to coastal zone

is identified and isolated through use of"i' .lligent" ground management is unique. The expert system, COAMES

control points stored within COAMES' object-oriented (COAstal Management Expert System). strives to integrate

dat structvre. in conjunction with geomorphokogical rues knowledge and data into an object-oriented structure,

and functions embedded in COAMES' hierarchical knowl- whilst keeping the inference engine and knowledge base n

edge structure.The morphology of this extracted feature components of the expert system as separate entities.This

is modelled using polynomial functions - this can be com- provides a consistent platform to which the coastal zone

pared with a similar feature extracted at a different time manager can proffer queries and hypotheses, using the

to gain a picture of geomorphic feature development. output and a holistic approach to gain a better understand-

ing of the coast. Since this conceptual outline, the initial

1. Introduction efforts in building COAMES have concentrated on devel-

There has been a recent and radical increase in the magi- oping a prototype covering a narrow domain in coastal

tude, speed and economics of high performance comput- expertise. This method of rapid prototyping is expedient

ing which has unlocked potential for computationally in- where there is a high degree of uncertainty in the specifi-

tensive analysis of a geographical nature.Amongst the ge- cation (Fedra & Jamieson 1996). The area of application is

neric applications dtat are set to beneilt from this increased coastal geomorphology. more specifically the idemificaition

capability are artificial intelligence techniques, replacing of beach features on a stretch of rapidly eroding coast in

conentional modeMng tools (Opeshaw &Abrahart 19%). Eastern England (Holderness). Frs* this paper details the

Artificial intelligence itself has received an explosion of preparation of digital elevation models (DEMs) of the study

area through digital photogrammetric methods, before
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outlining the ucturing and processes that opera itghin 2.2 Object Orientation

COAMEi This is done with sp•ecfic reference to the op- It has been said that there are three conceptual models to

eration of inteliegnt' ground control points and iniple- represent knowled in an expert system - rule-based,

mentation of morphometric functions held as objects frame-based and blackboard architecture (Kartikeyan.

within the structure. These are used to locate and deline- Majumder & Daslupta. 1995). Historically, the rulae-bsed

ate a specific geomorpholog;c feature. Fina* there is a model has been the most popular, thoug what is of inter-

discussion on such issues as error and uncertainty, scale est here is the frame-based or object oriented modeL.Raper

and modelling structures, and Livingstone (I 995) have outlined a rationale for using

object-oriented techniques: it has been argued that an

2. Backgmrund object-oriented paradigm (where reality is modelled

2.i Expert Systems through the attributes and functions relating to objects)
makes considerable progress towards lettin the applica-

Expert systems can be regarded as the most mature prod-
tion domain uniquely define the form of the computer

ucts to emerge from the field of artificial intelligence t dom ingitone 19) fonnton in en

(Ragad.I 9).dtin bak t themid 190&Arepeseta- model (Raper & Livingstone I9"S). Conventionally in en-
(Raggad, 1996), dating back to the mid- 1960s.A represents-

vironmental modellinp• the representational basis of a GIS.
tive definition states that expert systems -.... advise on or

for example, is often allowed to drive the form and naturehelp solve real-world problems requiring an expert's in-
of the model. Ferrier & Wadge (I1997) also explore av-

terpretation and solve real-world problems using a comn- oftemdlFrir& ag(1")lsexoeav
putermo ndl sofexperthuman rea sonig probeascsin .nga come enues of possibility with object orientation, reasoning thatputer model of expert human reasoning reaching the same

it provides a means of structuring more complicated types
conclusion the human expert would reach if faced with a

of knowledge base than rule based systems.
comparable problem." (Weiss & Kulikowski, 1984).There

has been much research into the use of expert systems in 2.3 Coastal Zone Management '
geography.~~2. Cowever, Zonees Masnagementhe cr

geography. However, progress has been slow when com- The coastal zone is a unique environment where conflict-

pared to other subject areas, mostly due to the complex ing interests meet; developmental, recreational, industrial

nature of geospatial problems (Fischer, 1994). Having said (e.g.in mineral extraction) and conservational (DoE 1995).

this, the potential of expert systems is great. based on the Management is a question of reconciling these differing

extent to which they have been adopted in a viewpoints.lgure I portrays the sociological side of coastal P
multidisciplinary context (Durkin 1996). Indeed, very re- zone management. which enables a look at the role of an

cently, expert systems have proved to be valuable in an- expert system in a wider context. From a sociological

other environmental discipline, geology, where the volume point of view, the coastal zone manager liaises with the

of data and the complexity of processing means that 3D coastal zone stakeholders. each having their own concrns

analysis needs computer assistance. Also the field is suffi- and applications. These stakeholders will almost certainly

clently huge thatfew individuals have mastery over the be a fount of coastal knowledge in themselves, which they

whole' (Ferrier & Wadge. 1997). There have been very can impart to the expert system, possibly via the Internet

few expert systems with a coastal application. The Ocean The conficting applications of the stalmholdera ar weigled

Expert System (Dantzler & Scheerer, 1993;Scheerer, 1993) up by the coastal zone manager and fed into the system

was developed for tactical oceanography, to acquire, inter- (Fig.S) via a dialogue. Based on this, the relevant knowl-

pret and manage oceanographic information. A main con- edge and data is invoked. inferred with reference to the

sideration of the system was to exploit incomplete and initial query and decision support output returned for as-

uncertain coastal environmental information, predominantly sessment, If the output is acted upon, then cyclical moni-

through the Dempster-Schafer theory of belief. toring of the resultant situation in the coastal zone takes

place. Through use of the expert system, the manipula-
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fig. 1: The soczological component of cckstal zone managozet n

4. Till short platform with 'arunoured road balls'

6. Lower beach %and ridge
E 7. Lower beach, saud with surface water

Fig.2: The characteristic eatures of a I-foldrness ord (firom Pringle 1985),
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Two aerial photographs were chosen so that the derived
tion of spatial and aspatial data can be seen as a means by area of stereo overlap captured the distinct elements of
which effective coastal zone management can be aided. one of the ords, and also so that the same area of the
The role of such data and knowledge is to form a compre- coastal strip was available at another time for future
hensive platform from which informed and optimal deci- processing.The two times chosen were October 1996 (see
sions can be made on matters pertaining to the coastal Figure 3 for example) and April 1997, theoretically cover-
zone.This is one of the main reasons why a system such as

COAMS i ofpotetia vaue.ing the period of most radical geomorphological change.COAMES is of potential value.

After prerequisite scanning, the photos were used as in.

2-3.1 (;.cornorphological Background of the put into ERDAS Imagine's digital photogrammetry mod-

StUdv Area ule. ORTHOMAX (for an overview of digital

The geomorphic application chosen for this prototype photogrammetry see Petrie 1996). Firstly. the precise po-

reflects the conservational I natural side of coastal zone sitions of the two photographs in modelled computer space

management.The area of study is the Holderness coast in were pinpointed through the digitisation of their respec-

northeast England. which is backed by glacial till cliffs and tive fiducial marks and correction for camera distortion

subject to a very rapid rate of erosion (I.2m/yr).This ero- (inner orientation). A further stage (relative orientation)

sion is even more rapid where there are low sections of orients the two photographs relative to each other through

beach. exposing areas of till platform.These are associated the identification of the same salient features (tie points)

with composite ridge-type beach landforms called ords, on both.The last stage of orientation is the modelling of

the structure of which is shown in Fig,2.These landforms the stereo pair to real ground co-ordinates in Latitude-

migrate along the direction of longshore drift (Pringle, Longitude or National Grid for mat and altitude (absolute

1985). orientation). A good spread of these co-ordinates (or

ground control points) is advised across the area of stereo

overlap for the optimum photogrammetric model.These

known points were derived from surveyed benchmarks

I II I III I I 9
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and €ifiersmial Global I r System (GPS) surveys, to the nference engine, which performs logical processes

some of which were undertale in coniunction with the (e4, inductior, deduction) to select daua. knowledge and

aerial photography soraes. Associated with each ground models appropriately.The last role of the inference engine

control point measured was a description of the topology is to select an appropriate method for visualising the re-

of the beach features there. It is this that is used by the suits of the query.

expert system to locate salient elements on the beach

from the DEM. which was constructed itself after ser 3.2.1 The Hierarchical Knowledge

matching of the stereo pair. Figure 4 shows the DEM for Structure

October 1996 overlain with an orthorectifled phot Figure 6 displays the configuration of the class structure of

(adjusted to rround co-ordinates). the geomorpholog prototype COAMES. Classification

involves the assignment of individual occurrences defined

"3.2 Construction of the Expert System on the basis of selected attributes or functions.AII classes

The design of the expert system was true to the original will have specific attributes unique to themselves (Laurini

schematic as set out in Moore et at (1996), which is shown & Thompson 1992). For instance, the raster subclasses

in Figure 5. Briefly running through the elements and proc- slope, aspect and convexity are defined by their attributes

esses that underlie COAMES. an initial query prompts the and functions; these are encapsulated within the class defi-

interface to extract the operative words and passes them nition. In addition, they inherit all the elements of the raster

[ Knawkillge M11oddif

/ 1111

R w and recur

Fi. 5: The configuration of COAMES (from Moore et al 1996)
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besom J F1, 9 1
superclass. such as a 2D-an'ay data structure. In a further rules and facts that comprise this knowledge ms itself ar-

capebility of object oriented structureoblects can be seen ranged in a hierarchical object fashion. This tree is de-

as communicating with other objects by pessing messages scended through a forward chainin process Initially to

that they can eithe accept or rejectAs will be seen later, restrict the operation of rules to those covered by the

this is particularly useful for knowledge representation user's query (effectively training the hierarchy for ground

(TeORo 1969) control point processing. For instance, the first condition

asks if the user's query is concerned with cliffs. If so, then
3.2.2 Inference that condition is fiaagd 'true', which is noted by the infer-

From an initial user input (e.g. track movement of upper once engine. Subsequently. the Inference engine uses infor-

beach within an ord from time TIOQee P 0.3 very maio enapuated within dhe w*gna object rule to point

phrimitive natural language process extracts word based to the appropriate object in the next tier in the hierarchy.

on comparison with the contents of all the subclasses un- which is to look for evidence that the cliff is steep. Also

der class 'Terms' to gain coast-specific terms ('shingle, encapsulated in the rule structure is a report which is

'beach' etc), context termus ('next to'.'in' et) temfporal- different for each outcome as dictated by the inerence

specific terms ('GMr,'bow tide' etc) and landform names. engine. For instance, having ascertained that the user's query

Certain words (eg.'ord') are used to trigger or invoice a concerned clffs the report corresponding to'true' would

set of knowledge. in this case based on the topology be- be printed out to the user: "At the base of a cliff-is it

tween beach features held in Figure 2.The specific set of steep'" A steep cliff would indicate the edge of an ex-

COAME
U~nM FILEOYM

CE OM ~7' AST1

__ __ EOW!1 FMMI~

CLIFF CIAIEL

Fig.6. The object-oriented hierarchical structure of knowledge and data in the COAMES prototyWp
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posed till platform. thouj It dren is no evidence to sug- used to isolate the feature more specifically by using the

Vas this then the inference eniyne would point toards a appropriate thresholds of altitude, slope, aspect and con-

stable (and loer'argled) dlirule This would Iindicate pro- vexity for particular land forms.These thresholds ame held

tection from the upper beachAgain. the applicable condi- in the same rule structures described above within unique

don is mariaed srue.Ahaer fully descending the hierarchy. morphometri ride hiea mchies The result of this can be

teprocess is repeated with ground control point data seen in Figure 7.

(each xyz GPS point surveyed has associated topological Whac mut be stessed about this och t-orlented expert

Infrmtin ha frterdeins tspoiton, tog oe system is that the Inference methodl is kept separate from
ment is restricted to die flaed areas. If die ground con- th nw*bs.rlioayheWwed aehs
trol point meets dhe criteria defined by dhe user's original nainifested Itself as a long series of IF-THEN statements
query (ise. if it in some way defines dhe feature to be iso- wtme-e action is talten if a certain condition is met. This
lated). then the associated co-ordinates are stored and hsmeapocrsutinhekwldebead

usedto efie aregin wth he elp f a don6ti~P~ inference engine being closely entwined (i.e. the action is
sulated in the geography class, Used in this way~the ground thtakote receni)ldathkowdg

control point can be seen to be intelligent. Within this
base should not be so'hard-wired' into the system, as it

zoomed in region. morphometric measures (Evans. 197Z myne ob odfe ome pcii ead.hsi
Wood, 19"7) encapsulated in the geomorphiology class are

best done as a separate entity (Moore et al 19%).

420806[I cf

II ..... upper beach

42 06 Eastiuag O(m S~u from National Grid mi&i) O

Fg.7.- The isolation and extraction of the cliff and the upper beach from the study area on the basis of intelligent
ground control points and morphomeeric paramneters driven by the COAMES expert system
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5. Discussioode wihere since return of a #ust is niot to the sam

timse. it cannot be to the wsae place.The conventional GAS4
5.1Eror ndunertinyethdod is to have amslit based in'absolute 'pceAn

With a coastal zone management systemn and Westd a pcei eig hr vet e

expert system in a commercial or academic environment. ,~

users will need to know how much confidence to attach ding nts creathe 'esamne obiect sao exit tempoowily

to anyi output and where the confidence knlilts may No. No & Healey 1994).The relative space way of modellinig can
decision made will blindl rely upon output from this ex- facilitate the execution of thesories about relationships
pert systemiTherefore. incorporation of error analysis is between AID spi-timitpenomena as well as spatio-temn-
extremely Important in COAMES' struicture. Durrough poa ineplain
(1966) Identifies three broad groups of error source~which

were discussed with reference to COAMES in Moore et of 5.3 Other Considerations
(1996). In the cuse of rules, for example, there is a great Wood (1997) divided the methods of DEM analysis into

deal of uncertainty in definin morphometri thresholds. extraction and also a pro means.Within this group. data
It would be easy enough to say that upper beaches have a sources such as classified aerial photographyl could be used
slops of between 3 and 6 metres. though there are cases as the isolation means instead of extraction methods.
that fall outside this-This potential error needs to be rep- Moore et of (1,9) inetigated itrlacing to models from
resented in the system~t folows that some measure of C()pJES (with specific reference to nutrient exchange
the quality of results is issetial foir the future develop- through a coupled pair of models). For this
ment of COAMES.There are a few economic and practical g olis prototype. the results could be input
reasons for this (Bun'voug, 1992. Miller A Morrice, 1"91; am acifferoio n-odel~aidingforecasts of erosion. which
Moon & So. I9"S). The most common error modelling itsef could be linked with the Important sociological ale-
methods induide Baye'Theorem (a prbablistic approach. momtof coastal zone management (Ic.ts of valuable land).
calculating uncertainty about the likelihood of a particular

event occurrng given% a piece of evidence - Srlnivasan & 5. Conclusion

Richards. 1993; Moon & So. I9"5; Slcidmore et al 1996), This paper describes the development of a prototype yer-
Dempster-Schafer theory of belief functions (can be used sion of COAMES, which represents a pioneering applica-
where evidence is lacking. embodying the representation dion of expert systems to coastal zone management In
of ignorance in probability theory - Scheerer, 1993. Moo th hlooh of CO'.MES. this prototype study is seen
& So. I "S; Ferrier & Wadge 1 "7) and fuzzy logic - Zhu as a building block that can be added to; this is allowed by
et al 1996. Ferrier & Wadge 1997).Fuzzy logc has5 beeni the existing fiormulation of the surrounding infrastructure
used extensively for the processing of non-crisp terms such as specified by Moore et d (1996) in Figure S. Now that
as 'good'.'fair' and 'poor' (see Briicormbe's (1996) wor this inioal step has been made, subsequent efforts will in-
with linguistic hedges).This method is potnial vaual clude the Investigation of temporal and spatial change re-
for further development of this prototype in th roes lating to a feature and linking the findings with explana-
ing of user queries and the quantifftn of terms such as tory data (e.g. wave data, suspended sediment data etc.).
'steep! and 'stable' dii!. An incorporation of error and uncertainty is of high prior-

5.2 odeling aradgmsity due to the need to establish the validity of the system,
5.2 odeling aradgmsTo be an effective coastal zone management expert sys-

% It is worth considering how time and space is modelled.
tem, it is important to bring in sociologial and legislative

Paper and Livinigstone (I995) propose modelling within a
spac-tie pradgmor n rlatie s e (1D) Itis spral knowledge. Ultimately for this prototype. though, the con-
spac-tie pradgmor i reatie sace(4D) Itis spral sideration of the ord landform as a whole is an issue, as a
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Elicitng Knowledge with Visualization -
instant gratification for the expert image
classifier who wants to show Rather than tell
Paul Crowther and Jlacky Hartnett
Artificial Intelligence and Spatial Systems Research Group
Department of Computing
University ot Tasmania
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AIBSTRACT station using Research Systems Incis (1994) IDLime

GIS systems the world over are awash with data that ex- processing package to overcome this problem.The matrix

parts can classify vi naly.This process is time cosmn handlin features of IDI. have allowed a fast anid efficient

and costl Expert Systems hi bow bul whi~ch atep system to be developed which allows a human classifier to

to at least pre-cliasify imrages and honce speed up the proc- Identiy features of Interest by pointing or drawing on an

ess.To build these systems it is necessary to eliit Informs- wimage displeyed on a computer screen. KAGES capture

tdon from the human expert classifiers in order to assist the kinowledge underlying the identifiation of these bea-

the classifcation of these many hundreds of Images.Tradi- twune in the form of production rules. These can include

tionally this knowledge has been captured througl inter- rules that describe the spatial relationships between two

view and protocol analysis. However. this required either of dhe iderntfed featre types as wvell as rules thot identfy

the expert classifier to describe verbally what they were features in te.m of their spatial relationships within a group

seeing or the expert systems developer (knowledge en0- Of fetues.

near) to interpret what they were being shown. KAGES is a toolkt which provides a series of knowledge

To overcome this problem, a visual knowledge acquisrit~ acquisition techniqueis Including an intrvite manageWsv

tool, KAGES (Knowledge Acquisition for Gegrpic Exera graphical acquisition tools and a rule editor The cap-

pert Systems).wa developed. Impetus to the devalopment tured classifier knowledge is held in a series of knowledge

of this tool was given to our group by the need to classify bases which are theni consolidated anid checked for con-

manyi remotely sensed images of Antarctica in order to sistency and redundancy The result is a knovWleg base

provide information on global climate change anid South- whc ca be viewed and reviewed by the human classifeir

em Ocean currents. Without exploiting the speed of current worltstakions. this

I INTRODUCTION typ~e of computing would not be hiasible since interactive
graphical knowledige acquisition of visual knowledge is

This puoer describes a tool for acquiring knweg from computationally expensive. KAGES operates on all bands
expert image interpreters by allowing thems to demon- of a satellite image and overlays the results on a compos-
strt their expertise.To do dos the tool must work quickly its knag..he darn structure which is being manipuilated in
in order to provide the user with rapidfeedback ontdhe memnory is thereforean array of 100 SXfOX 6 in the
knowledge acquired. KAGES was developed on a work cas of NOAkaesT a be even larger when more
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doen one we amon the' conmpoeite Image is required.add. to ~itr'es (Kweon and Kasiade. lV194).kIn geogralskmost

ing ects dimiensitns to the arrair structusre. Sinscted' op- terms are described in natural language. but the dfini-

eratieus pbul-bmd and dweremes are heldasa raste dons ame often incnixiplate or opuen to Iintpreatedon.Thli

foWn.te e is a large memiory requireinesirw for individual interpretation may also ie culturally based (Clementini et

objea as welL Users reqipre Instant (ed*&c& about the A 19931). lHownw die --isw dabikiion of die lieitue in a

results of dte operation of the varlous toolk to allow fo graphical form is more cn~.c. ste and less subject to inteer-

quick variflcation-As a consequencezmom and scaling Asic- preaton. What it looks NoIe defines. rather than what it

dons require fast processor speed as these are reqjuired is called.

toap -,onaidimnsinsanobjcm~ocesorseed Spatial knowledge here will be defined as knowledge of
is also at a premium when dhe spatiel analysis tool is ape.. w iemi two dinmensions (as in a map) as distinct from
ating, as all spatial relationshIps Including overlap, p--m- wimree mnuiionswhere reserchi~sinmore directed towards
ity and orientation, are captureid. vieio andi recogitiion.

Currently KAGES operates asasera prcso~u many Mct~eown at Wl (1909) identifies fiv types of knowledge
of its funictions are well suited to parallel processingThis use to identil sp kspta rellatoioships The fiv types
is particularly true of the spatial relationship and the knowi- ae
edge base consolidation tools which have a number of dis-

tinct indpendient fiitos Type I Knowledge: identifies scene primitives where a
primitive is a readily identifiable object such assa road

2. VISUAL KNOWLEDGE or a buiding.

Knowledge is unesnf awree orbrll c Type I Knowledge: is the knowledge of the spatial reah-

quired through education. or extperience, anything that has tiotships between the scene primitives, for example *
been leamed~perceived~discovered.inferre or understooid buddin are next to roads, icebergs are surrounded

and the ability to use information (Naglao, 1968). by water.
-Type 3 Knowledge: defines collections of objets which

Maps present knowledge natusrally occurring in three di- fonrm sptial decompoiticson s within the task do-
menimons in a two-dimensional graphic form. However, main.
maps are produced f~rom Information from ground (an -Type 4 Knowledge: consists of how to combine informs-
sometimes underground) survey, from images produced dion from type 3 knowledge.
by sensors on aircraft or saeltes. and fromi photographic -Type S Knowledge: is used to resolve and evaluates con-
images. Each of thee could be regarded as another di- "iccn inormation.

nunion.T'ie probli, te.beconies one of representing This classification has become the basis of the tools and
n dimensional knowleidge insa two dimensiconal form. The techvnitlues described in this paper~ Further subs classifa-
information is then used to producesa map showing scowe am ha been neesr due to die characteristics of the
specific characterisic of an area (lan use, sod type. gel- objects) being investigated. Hoene lines have diffrent
ogy, vegetation cover for examrple).To produce maps, ex- d -cetisoic from areal scene primitives at the Type I
ports use somre or all of the information sources (dinmen- level.
sions) listed above. By using expert system approaches it

mqy be possible to male more use of all the dimensions of 3. A VISUAL KNOWLEDGE
information avial adteierretaio of ttit ACQUISITION SYSTEM
dhe knoledge of mutiple donmain paeres KAGES consists of tools to capture knowledg of the

Acquiring knowleg from multiple expert classifiers also first three types using visual tools. This overcomes somne

introduces another problem, tha of assignin definitions of the problems assocse with verbal descriptions and
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delnitionsu Toop S kinowledge is addiessed by a modidue futures which am subpmmil in nature and which are not

which combines knowledgi pined from Mmena wp enierally idustifilek by peal threshold sigatuesThes

.werretrs.~en imgesand rent eassiona ixia feaures geneall we a fbad point such as a buidding.The

consolidated knowledge bese. The system nsterats with expert interpreter idencies these oblect; by selecting a

the use in order to resolve inconsusteenes.Thes tool wil image band and positing to their position.The name of die

not be discussed in detail in this pqle point featurie. its location and die dWeitilication of die oun-

An ineve aae based on reetr grids an pr age on which it was defined am stored.

sonial construct theory (Kelly. 19S5) is also provided Areal fuatures are two dinmensional objects which may/ be

(Crowdie and HartnieU 199f).This tool was developed permanent features (such as a laice) or transient (for ex-

to test usersl reaction to both a visual and a tex based ample die contents of a fied or the extent of sea ice).The

tool (although it uses visual cues) and provide an alterna- user first selects die bend or composit bands they use

ove knowledge acquisition technique to deal with non visual for identifing a featre. The feature is then described by

knowliedge This was the tool for exper-ts who would rather an expert pointing at it and setting pixel threshold values.

&INad than 6showi. KAGES allows this by the use of slider bersAll -oe within

3.1 TYPE I TOOL the thresholds which are contiguous are then grouped (fig
2). If the grouping agrees with the expertis idea of the

Domain primitives are features to which an image inter- extent of the feature, it is named and information about

prewe can point and give a name. They may be point, line thresholds and its minimum bounding rectangle (MMR)
or areal features. Each requires different processing as each (Chang and Junert 19%) is stored.

has different properties.The most swimple features are pown

KNOWLEDG

Al FU
IMAGES

FAgure 1: The KAGES system
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-u r h entire Type Iknowledgebacnbeplid

Unshave proved to be the most dilcult aisgect to deal 3.2 TYPE 2 IDOL
with (Crowther and Hartnett. l"7).These one dimen- h ye2to s i pta aoshpto hc f
sional objects; can be identifled by either a line following lows a user to determine the relationship between two
algorithm or by line tracing.The later technique is neces- bet Fg3.h w bjcsaesonnmdo h

sayfrZlne Zscha muiip es b sustoried asd either ca- default badof an image set (uulyband 1) wnth their

set of .raster points or as a vector, dpeuding on ho h the two oblects Objects fall into the three scene pnrmi.
line was acqiured. tive types and procedures have been developed to deal

A user can choose as many examples of an object as they with relationships between them. These relationships fall

wish on whichever band or combination of bands they into the following categories.

lke. Once this has been done, the module which consolli-

FAgure 2. The per pixel fljp 1 tool being used on an areal object. The object bring defined in this Band I NOAA
image of Vincennes Bay is open water The objects Minimum Bounding Rectangle (MBR) is shouwn with the
centroid of the MBR being marked by an 0 Information on threshold values and the user entered feature name are

shouwn in the dialogue window.
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hh~nla17
poi.poin point: line point: area Determine W the lines touch

limneline lin:are aresare N they touch

Th yeof reaonhp falinothe mi ctlla Determine type of intersection

based on Marie intervals as used by Egariofer (l "l). in Wr e

all case the following relations awe calculated: Deemn-ietoa

___ ___ __ ___ __ ___ __ Determine degree of parallelism

Degre of overlap Operationally, thie user is required to select two objects,
Orienaion ale caculated. which are related, from a menu and then checlk the results

The spatial relationship module firs determines what the of the reationship generated by the systern.This is done

two types of objets are it is dealing with.The system then by the use of a simple rule editor which allows a user to

determines all possibile relationships between the objects. remiove clauses which are chance relationships and niot

For example in the case of two lines being selected: deterministic of the relationship between the two object.

As a further example. if a point objet is compared with an

areal object, the system determines the distance of the

Figure 3: The spatial 7Yjpe 2 tool being used to determine the relationships between a line object (a road) and an
areal object (field) in a Landsat image of an area near Perth in Northern 'Ilsmania. These are both functional
primitives identified by the 7ljpe I tool. The relationships are shown on the image and as a rule in the rule editor
window
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Possibilidtes are: termnuaton may UNl outside the regon. Objects defened

Quald. area and d&soin using other bends awe also shownr.

Outside area and touches boundary The results of the object identified by the tool are dis-

On the Boundary played ina window lsabled *Check M!embershipi which

Inside area and touches boundary can be manipulated by the user to remove objects which

Inside area are not distinctive of the ~rqio. Once the user has corn-

pieted this cask a naming window is displayed. This name.
3.3 TYPE 3 'TOOL the mnembers of the regoom and the barid used together
The Type 3 tool slows a user to group object defined by with Wrape identification am then stored.

theType I tool. Often these type of features have no natu-

ral boundary and are tr-aced by an image identifler.This 4.710WARDS A TYPE 4 700L

tool allows a user to trace a boundary directly on the The aim of KAGES is to use an image as training data to
image band they have chosen (Fig 4). create a rule base which can then be applied to other im-

7ý

Figure 4: The 711pe 3 Region Of Interest tool being used to pick up point, area and line objects using band I of a
Landsat image. The limits of the Region Of Interests MBR are marked with a (. Paddock] and Puddock2 MBRs are
drawn with their centroids named. Pbints (Robyn and the cow) are named with the location of the Point at the left
of the name. Line objects, in this case the river, are named near their centre point.
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aig. It was not intandetd to be an imgep dasswrAs part that allowed an expert to show rather than tell their ex-

of the de•elopmen a veriicabon tool which applies vules perse as - delpe.

has bwen built and this will do claasication.This tool oper- The t a of f

ates in thre stagoes th knowledge enginer in that by being able to apply the

ApplyType I ruli to the image rules which they have developed. the expert user can see

Segment the image and libel individual oblecu within four seconds, the results of applying those rules. If

Apply spatial (Type 2) rules to ihe segmented image. necessary, changes can then be made and the ruIrs reap-

The result is a clssified image which sh -Yws individualclas- Plied.

sAed oble areas for which no rule has fired (and hence

am unclassiled) and areas where condicMig rules have d 6AN

These last two highlight image features which require fur- Speed is essential in two areas. First there needs to be

ther investiation by the KAGES tool. sufficiemt processing power to handle the size and number

ct arrays containing the images.These are generally multi-
A side effect of this development has been to allow this dimensional with each band taking up a two dimensional

feature to be used as an image analyzer.As once the ex- array and the completre image set and an result imagesq

pert user is satsfied wich tie performance of the genw- being other dirensions. For example a NOAA image of

ated rules on the training image, those rules can then be 1000 by 800 pixels with 5 bands and an array of a similar
applied to80othereimages. 5ebends e1taofathisotoolsturned

applied to other images. [Develo-,jrwnt of this tool turned size for manipulating and displaying the results requires a
KAGES from being just a knowledge acquisition tool into minimum of 4.8 megabytes of memory.This is an underes-
a tool with image analysis capabilities which will provide timation of the actual memory requiremn as composite

knowledge of complete scenes (Type 4 knowledge), bands will add further dimensions to the data structure as

5. FULLY AUTOMATED OR HUMAN will other arrays which are used to store individual fea-

ASSISTED tures and intermediate results of processing. A user re-

quirement to compare the training image with other im-
Experience with Icemapper (Williams etAl, 1"7), which ages will double this.The key factor is that the processing
was developed using rules acquired by traditional inter- for the user to respondmust take place sufficiendy quicklyfothusrtrepn

view techniques lead to the development of a system which to the feedback iteratively. Fortunately memory is cheap

provided a first best guess and which could then be ad- and the system has been run successfully on a 16Mb ma-

justed by the image interpreter. Generally after three it- chine.

erations a properly classified image was produced.This cut

down the time of development of a classified image from The description of spatial relationships is one area where

about an hour (fully manual) to around ten minutes. This the implementation of parallel algorithms has potential to

human directed system was preferred to a fully a further speed up the system. VW have identfied the algo- S
version based on neural networks (Kilpatrick andWlliams, rithms used in the current serial version of the system to

1995). ~have Multiple Input Multiple Processing (MIMP) (Ding and
Densham. 199%) characteristics. Futhermore, to apply spa-

KAGES was developed with this humani assisted ethos in dal rules for verification, all occurrences of one class of

mind.The amount of time taken for a human to te (in the objects are compared with all occurrences of a second. In

form of itervews) and the knowledge engineer to ~- this case Multiple Input Singe Process (MISP) could be

pret (into rule) took several months for Icemrapper.This used as the same procedure is used on multiple occur-

was a classic example of the "knowW• acquiskon be, t- rences of an object type. This analysis provides exciting
deneck" (Gaines 1988).To speed the process up. the tool p tie for me .
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For now, IDL routines, which allow manipulation of arrays, isfactory performance. On workstations the system has

speed up data processing.A speed increase of about sixty given good results and has a high level of user satisfaction,

(10 minutes to 10 seconds) was achieved when spatial re-

lationship routines were converted from traditional loop 9. REFERENCES
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Abstract New Zealand.Thus control of the disease in farmed ani-

EpiMAN-TB is a decision support system that is being n Aing the disease in infected possum

developed as a tool to assist the development and evalua- popuIaL-,fls.

tion of TB control strategies, and the management of the TB control strategies used to date have successfully re-

TB control program in New Zealand. It takes the form of duced the total number of infected possums and conse-

an epidemiological workbench of tools to supportTB con- quently the total number of infected cattle and deer. How-

trol decisions made by field veterinarians and farmers.These ever, they have not been successful in eradicating TB from

tools include: the prediction of possum TB hot spots, clas- possum populations, hence continued control of these

sification of farms according to TB risk, evaluation of pos- populations is required to maintain the incidence of TB in

sum TB control strategies at the level of individual farms farmed animals at a low level.We believe that more effec-

and at regional level. EpiMAN-TB comprises a database, tive control strategies can be developed through an inte-

map display tools, simulation models of the spread of TB grated approach involving the use of scientific information

between possums at farm and at regional levels, and deci- and field data on the epidemiology and spatial distribution I
sion aids based on expert systems. It utilises spatial infor- of the disease in possums and the use of models to com-

mation relating to vegetation cover, topography and farm pare the effects of different strategies.

boundaries, plus TB history and management information
The spatial distribution of TB in possums is clustered at

for individual farms, three scales. It is present in possum populations only in

1. introduction certain regions of New Zealand, and within these affected

regions certain farms or groups of farms have aTB prob-
Tuberculosis (TB) in cattle and deer is a problem of na- lem while others have no (or very infrequent) infection.

tional concern to the New Zealand pastoral industries The smallest unit of clustering is possum denning areas

due principally to its negative impact on export markets.A occupying as little as 0.25-0.5 hectares (Hickling, 1995).
national TB control program has been in place since the Field research indicates that TB clusters in possums fall

1970s. However, efforts to control the disease in farmed into two categories: endemic and sporadic.At the site of

animals are hampered by the presence of TB in the brushtail endemic clusters, TB spreads well between possums and

possum (Tnchosunjs vulpecula). Infected possum populations remains in the same location for many years. These are

are the major source ofTB infection for cattle and deer in colloquially known as 'hot spots'. Sporadic clusters remain
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for only short periods of time as TB does not spread so area and will allow evaluation of alternative control pro-

well between possums and has not become firmly estab- rams. It will make possible comprehensive forms of as.

lish*d at the site. it is highly likely that TB is maintained in seasment of progress in TB control at district. regional or

possum populations at the sites of endemic clusters even national level, and it will permit policy assessments to be

after the population density has been reduced to a low made for potential new control methods. This decision

level by control measures. It is the perpetuation of TB at support system provides a way of integrating the current

such locations that means possum populations must con- state of knowledge on TB and possums into disease man-

tinually be kept at a low level to reduce the risk of TB agement decisions, with the assumption that better deci-

spreading from possums to farmed cattle and deer.This is sions will be made. It also provides a way of incorporating

a major expense to the industry, and the ability to target sophisticated information processing technology into the

control measures at areas where the effect is likely to be day-to-day decision making process in a form that is sim-

greatest would improve the efficiency with which possum pie to use.

control resources are used. It is a stand alone system that will be used on PCs by TB

Research has identified features of habitat that can be used management field staff throughout the country. Emphasis

to predict the potential location of endemic, sporadic and has been placed on it being a generic tool that can be put

negative TB sites. Endemic clusters are more likely to oc- into any office, and a deliberate effort has been made to

cur on flat or gently sloping land with large-diameter trees not be dependent on any particular commercial GIS or

that provide well-enclosed den sites. Sporadic clusters are database management software. GIS functionality and other

more likely to occur on flat or gently sloping land with essential features are provided within a range of standard

taller trees, but which do not have multiple enclosed den SQL compliant database programs. The generic nature of

sites available. Negative TB sites are more likely to occur the software also allows it to be adapted to manage other
endemic diseases that have a strong spatial component in

on steeper slopes covered in scrub.This information can

be used at the scale of an individual farm to predict high their epidemiology.

risk areas within the farm, or at the scale of a region to

predict farms within the region that have vegetation pat- 2.2 Structure

terns which increase the likelihood of possums on the farm EpiMAN-TB comprises a database, map display tools, a

being infected with TB. Such information can then be used simulation model of`TB in possums, and decision aids based

to assist with the formulation of TB management strate- on expert systems, as illustrated in figure I. Database in-

gies at either farm or regional level.This paper describes a formation required to run EpiMAN-TB relates to farm

decision support system, EpiMAN-TB, which is being de- ownership, animal numbers and TB status of cattle and

veloped as a tool to use this spatial information in the deer on the farms.This information is currently available

development and evaluation of TB control strategies and in databases which are either owned or managed by MAF S
in the management of the TB control program in New Quality Management (MQM).Farm information is obtained

Zealand. fromAgribase which is a national database of farms in which

each farm is uniquely identified. Agribase contains basic

EpiMA N-TB property ownership and land use information plus

Kocational information aavae the production of farm
2.1 Description maps.TB status information is obtained from the National

EpiMAN-TB is a decision support system designed for the Uvestock Database (NLDB).This database contains a his-

use of TB managers, mostly at the field level. it will assist in tory of TB testing results for most farms in New Zealand.

the formulation ofTB control programs for farms and larger Farms are identified by the Agribase farm identification
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Figure 1 Au overall view( of the structure a) EpzAIAN-TB

number so that information in the two databases can be Farm boundary maps are vector maps outlining the bounds-

linked. ries of individual farms, each with an associated farm iden-

tification number from Agriba~se.Vegetation and slope maps
At present, the database information is extracted from are both raster images with 40 meter pixels. Vegetation I
the original two databases and is maintained separately classes were derived from a SPOT multi-spectral satellite

within EpiMAN-TB.As MIQM staff" are likely to be the ma image.The classes of vegetation are:podocarp-broadleaved

jor users of this system, the establishment of a live link forest, beech forest, pine forest, scrub, willows, shelter belts.
between EpiMAN-TB and the orignal databases will be

explored.This will provide for more efficient use of com- chosen as this provided an appropriate spatial resolution p
puter space, and ensure that the information in EpiMtAN- of 20 meters with adequate, though somewhat limited.

TB is as current as that in the original databases. spectral resolution. SPOT MS imagery is the best currently

EpiMAN-TB does not include sophisticated spatial manipu- available in New Zealand with good spatial resolution. As

lation tools. Users require access to map data that has information with higher spatial and spectral resolution

already been processed with a GIS into the form required becomes available in the future, enabling more detailed

* by EpiMAN.TB. Such processes include creation of digital vegetation maps to be produced, these can be incorpo-

elevation models, overlay analyses, map generalisation, and rated into EpiMAN-TB, if it is found that the greater differ-

others. The geographic tools programmed into EpiMAN- entiation of vegetation improves the accuracy with which

TB are predominantly to display map information in differ- possum TB hot spots can be predicted.

ent ways customised to the users' needs, and to under-
take various analytical procedures.The map information 2.3 Functions

required by EpiMAN-TB is: farm boundaries, rivers, roads. Users are able to select from a number of different tasks

vegetation cover, slope of the land and contour lines. De- available within the software, depending upon their spe-

tails of information in each of these maps follows. cific need. Tasks are outlined in figure 2 and each task is

described in more deta Il below.
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2.3.1 Hot spot prediction shading each call according to its risk category. Contour

Having the ability to predict hot spots, or dhe location of lines are drawn on the map to provide some contexstual

haiaswhere T8 is likely to be endemnic in possums on a information to help users identify landmarkcs. Hard copy of

farm, helps develop a TB maunagement plan' for the farm, this map can be given to a farmer to takie away and use to

These high risk areas can be targeted for more intensive aeo aTB managemnwti program.

possum control effotrts, and/or can be avoided in a cattle

or dewr grainug program. 2.3.2 Possum control strategy evaluation

prediction of possum TS hot spot% utilises farm boundary. i) Farm or small area control

vegetation and slope inornsation.This task can be run for Having identified areas of habitat where the risk of a TB

an individual farm or for a small ares including a number of hot spot.i high. alternative possum control strategies can

farms. Farms are identified by entein the farm dlentifics- be compared for their influence on reducing the preva-

dion number which brings up the farm plus a buffer of 100 lence of TB in the possum population.This can be done in

mieters around the boundary An alternative ares can be EirwAi-m by means of a simulation model ofT'S in pos-

selected interactively by the user. This defines the gao- sums, PossPOP which can be run for a single farm or a

graphic boundsries for the vegetation and slope map which small group of contiguous farms. PossPOP is a geographic

is used in the prediciton process.Vegetation cover is rep- model representing the ecology and infection dynamics of

resented in 40 meter pixels and the hot spot expert sys- wild possum populations, which includes natural stochastic

tem is then run for all cells in the selected area, assigning varaiospatial (spatial heterogeneity and autocorrelatio)

one of three TB risk categories to each cell. Risk catego- and temporal (seasonal and cyclical effects) effects (Pfeiffer

ries are high. medium and low. EpiMAN-TB oupt a a at al. 1994). PossPOP uses a real vegetation map for the
area of interest in the simulation to better represent real-

EBMA-TB

F Hot spot PoumuesCooktol FaisadskAnlte&
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ity. Currenly vegetaton is dvide Woo four mahabstat e aon the incidence ofTB in the possumn population can

categories: forest. scrub. busIV/pesture margiruand pasture. then be compared.4

These categories may be modified as reseach results iden-

tif difive haia rp tht amascae withl th The mode requires a vegetatio map wo nm. As for the

density of possums "ndor the transmissio ofiTS bePween hot spot prediction model. the geographic boundaries of

po- egtaton maps ar currently in IDRISI raster th veeato nap can be defined either by entering a

format with 20-meter pixels. Howevw. maps with ier, farmt dentillcatior numiber or by an interactive process. If

ent -oe sium and map fitormt can be incorporated int the user wishes to include the habitat risk map in the model.

th modl its geographic boundaries can be defined in the sanme wa.
Parameters associated with possum~ control programs that

The Sami geographic unit in PossPOP is a possum -win site can be mniplted Include: percent reduction in popula-
at a I -meter point Iocation.The vegetation map is used wo son frequency and duration of populationt reduction, Ia-
"Lpopulate" the model with both possumns and possum den caor ove wl She pouatiaon redction is applied.Te
sites on the farm or area of interestTh densities of each otu rvddb -O nldspsu c&
vary with the vegetation cover. For example, the density pawie s TB ineto aaees n location ofWin-
of possum dens on pasture is very low but is higher in fetos don, skes, n example of the TB prevalence and
scrub. PossPOP can also use the habitat risk map produced pouainse from a ru of th model for two years
by the hot spot prediction model to adjust the probability wisth a control program producing an 80% reduction in
of TB transmission between possu ms in accordance with the popltion.imlemented 6 months from the start date.
the vegetation coves ihis enables the creation of lot spt' is shown in figure 3.An example of the geographic output
within the model. Is also enables habitat ris factors to be including habitat classes and the locations of dens used by
taken into consideration in the design of control programs. TB possums at the end of the two year period is shown in
For example. a program with the same level of possum fiue4
reduction over the entire farm can be compared with a

program that has a higher and more frequent population ii) District or regional control

reduction in high and medium risk patches of habitat corn- A further model will be included in EpiMAN-TB to model

pared to low risk areas.The relative effects of these strat- the spread of`TB through possum populations distributed

3W0 007

260 0.06

ISW 0.03 ~
1WO 0.02

50 0.01

00

F~gure A Graphical output from Pos~sMIN? show'ing change in population size and prevalenuc of clinical TB oi'er a
tur) L/ar period w'ith the application of a control program in June 1998.
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over a larger area at district or regional level. The basic differentiate the intensity with which control measures are

geographic unit will be a farm. and geographic boundaries applied according to the risk of the farm having a TB prob-

such as major rivers and mountain ranges will be treated lem.This is particularly useful in an area where the possum

as semi-permeable barriers to the movements of possums. population has recently become infected with TB as farms

This model will enable the evaluation of possum control at the greatest risk of having infected possums on their

strategies implemented over the larger area, with farm units property could be targetted more intensively for surveil-

being populated by data derived from PossPOP, adjusted lance and disease control activities.

to reflect the circumstances of interest on the farm. Current research is in progress to identify a set of geo-

graphic features of farms associated with high, medium and
2.1.,3 Farm TB risk :lassifictation low ' els of TB infection in the on-farm cattle As for the

The ability to classify farms within a region according to hot spot prediction module, these factors will be used to

the risk of TB in the on-farm cattle or deer population generate an expert system to classify farms based on their

being high, medium or low would enable TB managers to

II 76 I I If



vaget~m tpoý nd dnsit OfTI in law thEr taN-s fo s ah oanptrilng of d isese onto srofgres wnta

easy access to the information required for the malor de-
Once drevelpmenit of the above components is complete. dcas that need w be made with respect to the mnaige-

the sokware will be e~wapa d to includle other taskts which men of ossm d TS in an area. 7his decision

are onsdere usfulin mna~uTLsupport systeim provides a nwaj of integrsting the current

3. Conclusion stt fknweg on TB an possums i.tdies ma-
agamen decisions, in dhe expectation that better decisions

ftasults of research on the spatial distribution of TS, in Wilbmae
possums are now becoming available. providing ianfom-

cion diat:ca be used to preic w loato o B o Bibliography
spots with a useful probability At die same aime armers idngG(IS)Cutrgofubclssifein
are beun required to talte greater respontsi~laty for con- dln0.(9)Cksriaoftbcussifein

trolling dhe spreed of TB on their farms. EpiMAN-TB pc- in brushtai possum populations: implications for epi-

vides tools tiiet wdi asis=TS field personnelwrin wit deJ. iological simulation models. In Tubercukosis mn W"d

farmers; to deeo specific programs for their farms. At *oddmsi was rle n ~eLse(d)
the regional Weve E4 ~ ,NT8, provides information diat U~ri'o c~.Dndn

will assist die development of possum control strategies PfeHf~r M.U., Stern H.W., Morris R.S. (1994)

that focus control measures; more tightly in areas where PossaPOP - a geographical simulation model of bovine

they produce doe greatest effectAt national level EpiMAN- tuberculosis inlection mna wildlife population. proceed- *
TB, assiists the melting of policy decisions with respect to ing of the 7" International Symposium on Veterinary

new control merthods such as biological control of TB in Epidemniology and Economics, 1994. Nairobi. Karfa..The

possumns and TB vaccination of possums. it also provides Kenyai Veterinarian (IS) 2.
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1 Abstract on applying case-iased reasoning (CBR) techniques (in

Spatial information systems are now more fully incorpo- pcular the reuse component of CBR) to spatial ptw

rating artificial intelligence, mathematical and stbsocaJ nomena The research direction is now focused on deter-

modelling and other advanced analysis techniques for the mining methods to store (represent) spatial data in a case

extra computational analysis they allow. This is creating an and how this affects the retrieval component of C6R.

increasing demand for computational power and the abil- This paper details how cases are indexed for efficient re-

ity to handle very larger data sets. These demands and the trieval and the similarity and weighting system between

associated solutions define the domain of geocomputation. new and past cases. It is held that spatial similority is an

This paper further emphasizes the demand for important concept for storing and retrieving cases. Spa-

geocomputational techniques by outlining an artificial in- tal similarity will aid in determining clusters and feature * i

telligence technique called case-based reasoning. More detection for classification. This presupposes that it is

specifically, this paper outlines a combination ofease-based possible to define spatial similarity. As a startn point.

reasoning with spatial information systems and summa- spatial similarity is defined as those regions which, at a

rizes the computational techniques so derived to address particular granularity (scale) and context (thematic prop-

spatial problems. The basic premise developed here is that erties) are considered similar. Similar may be determined p
spatial problems can be solved using similar spatil phe- by any one of a number of methods - fuzzy membership

nomena. Essentially a spatial problem is solved by search- (Lofti 19%5), rough sets (Pawiak 199S) spatial auto-corre-

ing a case base for another spatial case similar to the prob- lation and various statistical techniques to mention just a

lem case. Then the knowledgeiinformation obtained from few. It is important to accept that similarity must be de-

the searched case is used to further an understanding of fined by variables that must be measured in some manner.

the phenomenon. This is a discussion paper outlining some Spatial similarity or spatial patterns would in turn help

directions for researching spatial similarity. explain certain phenomena and their surrounding cirrum-

stances.

2 Introduction

Data exploring and data re-use techniques are set to Ih- 3 Research in Computational

ing an increasing inpact on information technologies. Case- Methods for The Analysis of Spatial

based reasoning (Schank 1982), data mining and knowl- Data

edge discovery (Fyad 1997) are techniques used to search, Recent research has advanced the analytcal capabilities of

recognize, extract. examine and predict decision knowl- spatial information systems. Advances include, rule and

edge from data. Earlier research (Holt 1996) has focused knowledge-based approaches (Webster 1990. Smith Yang
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1993) and a more innovative research approach where Explore and analyse datibases and generate hypoh-

spatial reasoning is used to idontify a given situation with ea about the dat.

other known typica•l scenarios (Williams I19S). AN-hybids CBA is adoptive because of its computational techniques

and other new sraiM (such soft computing, COMputionall and intuitive methodologr Jose et a (19%) are using CSR

intelligence and linguistic representations of probability) to analyse rmote sensed images a assimilate spatial

may provide fur possibilities- similarty by indexing and matching the vectors within the
imge. Smith et at. (1995) have deve~loe a system called

Researchers outude the domain of spatial information sys-
Inw~ectie Cas~med Spoha Copoa which enabls the

temr have bee focusing on similar thenes and striving for
user to interactively compose building layout. CBR has

a similar goal; understandably they approach the problem
bee used for the bete understanding of medical imagies

from different directions. Intelligent data analysis tech-

niques for exploratory data analysis have accelerated the (Grimnes and Aamodt 19%. Beg 1994) and meteoro-

research into data mining ad dlogical images were the focus of research conducted by

pies are; Jones and Roydhouse (1994) in trying to predict weather

patterns. Their research focused on the efficient retrieval

geo-statisticians, working on spatal autocorrelation. of structured spatial information. Goel et al. (1994) in try-

fractala, spatial dustering Kriging and anisotropy, ing to design robots that can navigate through space. used

Al scientists who are working on spatial representa- CBR techniques and a hierarchical spatial model for their

tion, robotic vision, image analysis and processing, experiment. Keller (1994) has conducted research com-

bining GIS and CBR techniques. Keller used CBR for knowl-
4 Case-Based Reasoning edge acquisition techniques for cartographic generalisa-
This sectio presents an overview of Case-based reason- tion

tion.

ing (CMR), the CBM cycle, and explains the main character-

istics of the technology. CMR is a general paradigm for 4.1 What Is A Case?

reasoning from experience. It assumes a memory model A case is the basis of a CMR system.

for representing, indexing and organising past cases and a

process model for retrieving and modifying old cases and A case is a contextuaked piece ofknowedge representing

assimilating new ones (Kolodner 1993). The components an experience that teaches a lesson fundamental to achiev-

of CBR. as extracted from the above definition, include ing the goals ofa reasoner (Kolodner 19"3:13).

representation. indexing and the storing of cases for prob- Cases are experiences which have occurred. They are for

lem solving by retrieving adapting, explaining. critiquing and example, problems that have been solved (or failed) by a

the interpreting of previous situations. This process is used problem solving mechanism (Althoff et at. 1994).

to create an equitable solution to a novel problem using The major components (Kolodner I 993"Athoff et al 1994) S
previous information. It is contended that these compo- of a case include;

nents be added to a spatial information system to comple- P (otemlsituaton descriptian: the state of the real world

ment its analytical functionality so as to build a spatial rea- at the time the case was happening and, if appropriate.

soning system. what problem needed to be solved at that time.

Solution: the stated or derived solution to the problem S
CMR technologies can be used to:

specified in the description or the reaction to its situ-
Solve a new problem for which a solution is unknown ation,
by retrieving and adapting similar problems that have Outcome the resulting state of the world when the

been previously solved,

i IL iJ I Ui 1 d I ill IL L
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solutmo was carried oam edge bumes Then features would aid plannin~forecaszoig

Eau inc context (•kiao ks to other cases diagnoi des, decson mak problem solv and m-

failures eicountered. pvo

4.2 The CBR Cycle Some definitions of spatial ressonint will include spatial

The basic steps in CBR are as follows (Aamodt & Plaza cognition and the representation ofknowledge (Hernandez

1994). I993Wliams t995). Frank (1996) defined reasoning as
"the conceptUmlsm of sauaion as space". Oshers defie

Retrievig a past case (a problem and a solution) that

the term to mean the ability to reason, learn, think and toresmbes the current problm. Past cases reside im the
draw conclusions from facts (Holt 199). The latter is

case base (memory). The case base is similar to a da-
preferred here, though the term spatie decover is gaining

tabase that contains rich descriptions of prior cases
in pouart and may well be an appropriate compromise.

stored as units. Retrieving a past case, involves search-

ing for one which is similar and calculating its degrees The SRS will eventually be used;

of similarity which determines what features of a prob- As a problem solving tool which has the ability to re-
lem should be considered. use previous similar spatial problems and their solu-
Adapti the past slutin to the current situation. Al- tions to solve a current problem (Hok 199).

t)•h tionsato solveia current probhemc(rrett one)i
though the past case is similar to the current one it As -n exploratory spatial data analysis technique for

may not be identical. If not, the past solution may then data mining/trawling and pattern searching/matching.

be adjusted to explain differences between both prob- As an alternative method to represent and store spa-

lems. tial data. Storing data as spatial cases, equivalent to
ApPn the adapted solution and evaluating the results, object oriented languages. but having the added ben- * *
Updating the case base. If the adapted solution is ap-

propriate then a new case can be formed. The new efit of learning features.

case is composed of the original (or similar) solution The following are examples of questions the SRS may ad-

and the repaired solution. It is stored in the case base dress;

so the new solution will be available for retrieval dur- The SRS hybrid is used to facilitate searches and solve the

ing future problem solving. In this way. the system be- -owng problems:

comes more competent as it gains experience. Are there spatial phenomenon similar to the searched

5 The Spatial Reasoning System example? Identify unique areas, evidence of trends,

This section outlines the concept of a spatal.-AI-hybrid patterns or other variations. If so. what attributes ar
associated with that phenomenon? In finding a similar

called the spatial reasoning system (SRS). It is presently spatiater aiS may beto d i nd sto r

under research and development The concept has arisen
CBR provides the functionality to find a similar pat-

from the belief that GIS are limited in reasoning ability and
tern and, more importantly, to analyse its properties.

CBR can be integrated to support this deficiency. The
These properties would extend from the obvious spa-

primary use of such a system will be to develop reasoning

techniques for discovering knowledge about areas which tial pattern to other attributes associated with the

are considered to be spatiall similar. CBR offers: the abil- pattern. This functionality could be used for classifica-
tion or in solvng complex problems using previOUS

ity to reason, explanation features, adaptation facilities,

extended generalisation techniques, inference making abili- experenc

ties, constraining a search to the solution template, solu- Providing new opportunities in spatial onabsis via infoma-
tban retrieva/ and patxtern recognition. To solve the fbosfoing

tion generation, the ability to validate and maintain knowl-
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-constraints, the user is inormed and is prompted to

Is there evidence of clustering with respect to spei- enter new value for the index constraints. These msy

We sources or possible cause? What spatial associa- be made more general by specifying abstraci values

dons exist between cases? or by speci fewer constraints,

The SM hybrd as used to fticilate queies and sle the A case is selected from the subset. After the index

ploswg prihems search is completed the cae matcher is invoked to

Which spatial phenomena have the certain criteria? scan the subset of cases to find the one with the high-

What attributes are associated with a spatial phenom- est weight value. This is selected and the repair rules

enon with these criteria? are then applied,

5.1 Why Use The SRS? Repairs are carried out on the selected case. On oc-

casions additional information is requested after a caseCBM offers the potential for improved functionalit to cur-
has been selected. Sometimes a repair rule can cause

rent GIS. This is achieved in a complementary fashion as
the current case tO be abandoned and the selection

the functions they both have are executed in different

methods (for example, retrieve and retain). The functions process to begJn again.
If the u~ser is disusatsfed with the previous matching

of GIS and CBR techniques which differ the most are their

abilities and techniques for representing and storing data. css) further cases may be examined. This is conon-

The ability of CBR to learn is another component which ued until they are satisfied with a matched case or

separates it from a GIS. Data and knowledge in the form until the user exhausts all possibilities.

of cases are stored and represented so they can be re- Case file blocks of code are required to define; introduc-

trieved quickly to suit particular requirements. This com- ti•n, cose eition, index defiitionmdliOtion defnitionwew

plicated storing method, existing of bundles of knowledge, rule deftnition, repair rule definition, and case instance. The

is indexed to allow new experiences to be saved. A sense introductiin block contains introductory text which is dis-

of learning, therefore, is introduced. Other components played when the program has finished checking the case

offered by CMR include the reuse and revise (adapt) func- file. The case definition sets the types and the weights of

tions which current GIS software packages lack. the problem fields that may appear in a case.The informa-

tion in the case definition is used for checking input cases

6 The Processes Within A CBR while the weights are used to aid the case-matching proc-

System ess. The index definition sets the fields used as indexes

The sequence for running a CRB sub-operation within a when searching for a matching case. A case base should

conceptual SRS would be as follows; have at least one field used as an index. The type of index

field must be enumerated. The weight rules deftnition sets

The program performs an index search and finds a rules that may be applied to change the weights used for

matching cases. The modiftcation definition sets the modifi-
subset of cases that match all the index constraints. cation rules and provides a means of specifying that cer-

The index constraints are taken from the field values
tain symbols or numbers are similar. This is undertaken

provided by the subser. The p ramsesh a rtche the csex first for matching purposes and provides a means of speci-

base for the subset of cases that match all the index
fying symbols as abstractions of others and second for

constraints exactly, making the search more general or for defining general-

If no cases match all the index constraints (for instances ised cases. The repair rule definition contains the repair
when there are only a few cases in the case base), the rules.These are used to modify the solution retrieved from
system prompts the user so search for different index the case-base making it more suitable for the current situ-
values. If there are no cases which match all the index

282 Proceedings of GeoComputation '97 & SIRC '97
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a-on. Both the moda~ nd repai the rue used to select a sub-set of cases from the case-base. Sec-

denintoi may be omitted. To be a complete COR system, ond. a form of newrest-neighbour matching is used to se-

however, it should contain both. The last set of blocks are lect the best case from the subset The weights are not

the case instances. Thes make up the case base. The case attached to the cases themselves. The system parses

file must contain at least one case instance and will initially through each case in the subset evaluating their weight. A

need to be seeded with many cases befor it is operable, record of the best matching cases are recorded. The im-

portance of each field is defined in the case definition sec-

6.1 Case Matching tion. Internal rules (not to be confused with the weight

The components that will be used to evaluate the spatial rules block) are used to evaluate what proportion of the

similarity of cases include case matching and case retrieval, weight is returned for each field. If for example, the values

match exactly then the full weight is returned. In compari-
Case retrieval, no matter the method, requires a cornbina-

son, if two enumeration symbols are similar then 0.75 of
ton ~se~ch nd atcing Koldner199) te field weight is returned. Strings have to match exactly

Organisational structures are searched to find potential oze field weight is returned. During he parig ec

matching cases, and each is evaluated for its potential use- the match.
two lists Of symbols and for example, if half oftem ach

fulness. The evaluation is done by matching functions. It is

necessary before discussing retrieval, however, to discuss then half of the field weight is returned.

the fundamentals of matching. The following three stages After the case has been selected extra values may be in-

are indicative of the case matching process. These include put if the case has a local field definition associated with it

weight rules, index values ud weight-matching; and then the global repair rules (in the repair rule dermi-
r ton) are actioned. Furthermore, if there are local repair

Weight rules may be applied to finds .set of approp- rules associated with the case then these will be actioned. 0
ate weights for performing case-matching. Ifsa repair rule causes a re-selection to occur, another case

The index values, which are either taken from the user
is selected using weight matching and local fields may again

caserorm spiinded searctely bys rthveuse ae suse tof need to be entered. The i apaired case is displayed and the
perform an index search. This retrieves a subset of

user is given the option of adding the repaired case to the
cases from the case base which match all die index

case base. If the user adds the repaired case to the case

base, the values for the name and result of the case, which
specified as index values, in the modification rules), is then appended to the case file and added to the case

Once this list of cases has been retrieved the user can

allow the program to automatically select a case. This

is based on weight-matching. For each case in the sub-
6.2 Retrieval Methods

set the case-matcher finds a weight which is obtained
Given a description of a problem, a retrieval algorithm,by totaling the weights of all matched fields. Fields
then using the indices in the case base should re. ve the

which do not match exactly, but are defined to be similar

by the modification rules, return a value which is less most similar case(s) to the novel problem or situation.

The retrieval algorithm relies on indices and the organisa-than the field's normal weight. The case-matcher ac-
tion of tie memory to direct the search to potentially

lects the case with the highest total weight The user
useful case(s). Methods for case retrieval include. S

can browse through the selected cases and select a

bounds-test for nearest neighbour searchinduction,knowl-
case manually. edge guided induction, structuring using the inter-quartile

The method of case-matching consists of two phases. First, distance, the k-d tree, similarity measuring in the k-d tree,

the enumeration-type fields cited in the index block are exemplary 2-d tree. template retrieval, discrimination net-
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works and parallel retrieval (Leake 1995) These methods knowledge poor approach) has its advantage in domains p

can be used alone or combined into hybrid retrieval strat- where general domain knowledge is difficult or impossible

egies (Althoff et al. 1994). to acquire. Conversely, semantic oriented approaches

The retrieve task (shown as the shaded parts of figure 2) (knowledge intensive) can use the contextual meaning of

a problem description in its matching for domains where

starts with a new case description and ends when a best

matching previous case has been found. Its sub-tasks (also general domain knowledge is available (Aamodt & Plaza,

shown as the shaded parts of figure 2) are called identify I 994;Althoff, et al. 1994; Zeleznikow 1995).

features. initially match, search and select which are e~cecuted The retrieval function is also executed differently by the

in that order. The identification task produces a set of two systems. Zeleznikow (1995) suggests that the retrieval

relevant problem descriptors, the goal of the matchinv task for CBR involves characterising the input problem by as-

is to return a set of cases sufficiently similar to the new signing appropriate features to it. retrieving the cases from

-ase, and the selection task works on this set of cases and memory with those features and similarity assessment.

chooses the best match. Some case based approaches Similarity assessment determines the level of match be-

retrieve a previous case, based on superficial, syntactical tween old and new cases (Althoff et al. 1994) CBR uses a

similarities among problem descriptors, while other ap- nearest neighbour technique (indexed and case matching)

proaches retrieve cases based on features that have deeper, for retrieval and a GIS system generally uses a relational

semantic similarities. To match cases based on semantic database technique, making it not as flexible as CBR. For

similarities r- d relative importance of features, an exten- example. using structured query language to select a line

sive body of general domain knowledge is needed to pro- which has the length of 23.5km or select a line where

duce an explanation of why two cases match and how length is 20 to 25km. Whereas, CBR has fuzzy matching

strong the match is. Syractic simisarity assessment (a
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which is achieved using the case and the weight matcher nlques. such as nearest neighbour, to limit the search space

For example, selecting a case where the line length equals to a relevant section of the case-base. Induction algo-

23.5 km. CBR will find solutions displaying all line(s) with rithms determine which features do the best job in dis-

a similar length to 23.5km together with any other infor- criminating cases, and generate a decision tree type struc-

mation associated with that line. ture to organise the cases in memory. This approach is

useful when a single case feature is required as a solution.
Case indexing involves assigning indices to cases to facii- and where the case feature is dependent upon others.

tate their retrieval and is vital in identifying the most simi- Knowledge guided induction, applies knowledge to the in-

lar previous case(s). This involves the identification of the duction process by manually identifying case features that

relevant factors in a case upon which the case based re- affect the primary case feature.This approach is frequently

trieval system can index the cases. Choosing indices manu- used in conjunction with other techniques. because the

ally involves deciding a case's purpose with respect to the explanatory knowledge is not always readily available for

aims of the reasoner and deciding under what circum- large case bases.
stances the case will be useful. Several guidelines on in-

dexing have been proposed byWatson (1994) stating that 8 Conclusion
indices should;

In searching for a richer data model for encoding, search-
address the purposes the case will be used for. ing and comparing complex geographical entities this pa-

be abstract enough to allow for widening the future per has outlined a method that may allow more advanced

use of the case base. analytical techniques to be executed on the geographical

be concrete enough to be recognised in the future, entities. This paper has proposed some possible direc-

be predictive of important case features. tions to advance current GIS techniques for analysing,

7 Future Research searching. recognising and extracting information on spa-

tial patterns. This paper has outlined how an Al technique
Similarity functions, case structure, domain data, reusabil- called case-based reasoning could help in achieving these

ity and problem solvability are some components which

affect the similarity result and are being researched. Spa-

tial case representation, multiple case representation, con- References
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1: Introduction In this discussion I will refer to only two of the large suite

The new computational solutions which have de-vee!-pe-d of data-driven modelling techniq.-'; rather than range

in parallel with the widespread uptake of computer power across the field.There is simply neither time, nor space, to

in geography tend to represent a distinct move away from do otherwise. Most of the points I want to make are rel-

the more traditional, parametric statistical, methods in- evant to a much wider group of techniques and these are

troduced to the discipline during the so-called quantita- merely convenient examples for discussion. The two I will

tive revolution. The implications of adopting these new use are decision trees and so-called back-propagation. Both

methods have not yet been fully appreciated by many re- travel under fancier names on occasion, but these labels

searchers, indeed the retreat by large sections of the disci- are broadly understood and will suffice.

pline from any serious engagement with quantitative ap-

proaches to geographical problems means that there is a 2: Data
growing potential for misuse and abuse of these solutions

as tey bcom mor acessile.Any examination of data in geocomputation needs to con-
sider at least the data distribution, the data model and the

It is well worth remembering that our new computational way in which the data has been sampled. The precision

solutions comprise several critical components. Firstly, the and accuracy of the data, both in the spatial and attribute

new hardware configurations without which they could domains, also need to be considered. These latter aspects

not be implemented. Secondly, the new algorithms them- of data have been extensively dealt with elsewhere

selves.Thirdly, the data. and fourthly, the problem. Perhaps Goodchild & Gopal, 1989).

this fourth element could be better described as the prob-

lem statement. Success depends on the adequacy of all of 2.1: Data Distribution
these, and on their correct integration.The data, the prob- After decades of accepting the questionable proposition
lem statement and the links between the algorithm and

the data, between the data and the problem statement, distributed we are now adopting non-parametric meth-

and the problem statement and the algorithm have all re-

ceived much less attention than the matching of algorithms odologies with enthusiasm. The fact that many of these

can be parallelised has, perhaps, added to this enthusiasm.and hardware. As we become increasingly engaged in
There are some costs in this enthusiasm. It is safe to sayharnessing our new computer power to geocomputation

it is perhaps worth casting our eyes over these other, that, given a data distribution approximating a normal dis-

equally important facets of quantitative investigation.analy- tribution, parametric methods tend to produce a better

result than non-parametric methods unless large, or care-
sis and prediction in the geosciences. fully chosen, samples are selected.
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To produce results of matching quality in the analysis of gausauns on the assumption that this is an approprate

non-normally distributed data using non-prmt moth- data model for the phenooanon. The type of measure

ods. much larger and more care"ul structured samples used is also critical. The use of nomina measures, rather

are needled. By definition, non-prmer, supervised in- than ratio or interval measures. increases the requiirement
Slearnio systems have no information on the dis- for an unbised sample s sifianuy.Whst ordial mas-

trfipution of the data other than that which can be inferred ures are not as difficult to deal with as nominal measures.
from th learning sample. Few of the studies which have they are considerably W"s informative than, say, an interval

appeared in the literature indicate that this has been rec- mneasure.

ognised. That this is such a problem is perhaps due to the

fact that many of those involved in this branch of The problem outlined above is the natural consequence

8oomputation are not data gatherers. but data proces- Of a habit widespread through many disciplines. The clas-

sors. There is a real temptation to use'legacy' data sets sifiCation of data prior to analysis is almost an unconscious

for experiments in geocomputaition and this leads to the act for many field scientists. That this is unnecessary

use of proportional samples. Given the error minamisa- now that we are no longer bound by the cartographic

tion rule on which many of these systems are based. th model of spatial data has not really penetrated the con-

use of a proportional sample as a learning sample will bias sciousness, and standard procedures. of many disciplines.

the system towards the largest at s. cases, the data collection itself imposes

this structure.The step between observation. and the re-

cording of that observation is often one in which some

2.2: Data Models form of classification takes place. The value of each obser-

Much of the published work on data models focuses on vation~as aunique data pointis then immediately degraded.

the data model as the rationale for organising data in the v

computer In computer science it is a means of capturing All other things being equal, if one can provide a learning

the semantics of the data through definiions of the o system with some indication of how values in an attribute

erations related to classes, describing which combinations relate one to another, then the system will do a better job.

)f operations are legal, which combinations of operations Humans like to simplify these relationships as we are un-

are equivalent, and consistency constraints among data. able to deal very effectively with high frequency variability

This bias towards the computer science view of data mod- in da. By coding data to suit human perceptions. we

els is quite understandable as it is a necessary tool to deal degrade it and remove information a non-human learning

with the data, but many phenomena have not been care- system may be able to interpret. For example, in many

fully scrutinised by domain experts in the same way and I natural systems tasks geology is an important variable. The

suspect that, when this happens, the whole concept of data taxonomy in geology being what it is, the relationship be-

model will become considerably more complex and criti- tween a granite, an Essexite and a Monzonite, and the lack S

cal. of a close relationship between those and a Sandstone

are not apparent (to an algorithm) from the class numbers

Wohen we start so consider whether the measure used to used to represent these in a GIS. It is necessary to recode

code the data is appropriate so the phenomena we wish these categories using some appropriate interval or ordi-

to examine we need to remember that many disciplines, nal scale, in the case of an erosion study 'K' values would

including geography, routinely classify data as part of their be appropriate. The 'K' value is a ratio value with a direct

collection protocols.This pre-analysis processing is often relationship to erodibilty. In the case of vegetation model-

not recognised as such but can be a major limitation to lingt geology can be recoded according to some interval

accurate prediction based on such sampling.AI too often or ordinal scale of nutrient status. Deriving appropriate

phenomena distributed as a continuum are discretised into

I' I] I I I I JI d I I H ]I r '
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measures requires a knowlede of both the atribut, and rise to a maximum at an itermediate scale and then to

the interactions of attributes relating to the phenomenon decline. One can sm a similar pattern in many forms of

ig mode . tmporl data. The diuiral range of bio-activi4. i ,umina-

don, temperature and pressure is ofen nearly as great as
These simple pee-processing stages are needed overcome die annual range (besed an daily observations). and much

th knowledge PP which exists between human and alpo- get dun the iter-amual range.We need to move to

rithmic "intelligence'. Most natural scientists understand epochal time scales to see the diurnal range exceeded.

the relative difference in nutrient status between weath- We fdikr out the fine scale variations when we make ob-

ered granite and sandstone. The names communicate a servations, but we tend do this informally. To reduce dat

suite of attributes to the expert human listener. Unfortu- based error in analyse it is important that we exercise

nately, there is no inherent information in the terminology more conscious control of input data scale. If we cannot

to inform either the non-expert human or algorithm. Even control it. then we need to be aware of the consequent

worse, because of the necessity of labelling attribute classes errors.

with numerical identifiers when data is imported to a GIS,

there is sometimes a tendency to carry out analyses which Spatial and temporal variability also depends on the data

improperly utilise the mathematical relationships between space, or domain, in which one views the data. Spatial

identifier, when no sh r p i d. This is data exists in a number of discrete domains ( Lees, 1994;

common trap for non-expert users, but it is also a trap for Aspinall & Lees. 995). In each of these there exist topo-

expert users working with data from domains in which logical relationships, but these relationships vary from do-

main to domain. We are most familiar with spatial data

existing in a geographic space defired by latitude, longi-

tude and elevation. Movement from point to point in this
2.3: Data Sampling space is a vector. It is not possible to move from one point

I have already mentioned the importance of sample char- to another without transiting intermediate points. Each

acteristics briefly. In the use of optimising, or error mini- paint is unique.
misation. techniques, it is important that each case one

wishes to predict or classify is equally well represented in In the other cor ceptual. domains or data spaces topologi-

the learning sample. Proportional sampling techniques will cal relationships are different These data spaces can be p
not produce this. One must resort to quite structured, spectral space, environmental data space, even socio-eco-

stratified methods to achieve this sort of sample. One nomic data space. The fundamental, and shared, character-

must also attend closely to the scale at which one sam- istc of these spaces is that movement through the space

ptes. Now that we can move away from the restrictions has a logical meaning. Spectral space, for example, forms

of the cartographic model, many disciplines have not yet the basis for most analysis of remotely sensed data. Prox-

understood that data scale and display scale are no longer imity suggests similar colour. Trajectories of reflectance

synonymous and need to be considered separately. For values for developing crops on different soils form the basis

our purposes, the display scale is much less important than for the common Kauth-Thomas.orTasseled Cap. transfor-

the scale at which the data was measured. This is particu- mation. Trajectories in spectral space form the basis for

larly true when one is looking at context, spatial or tem- sub-pixel modxki of vegetvtion structure. In these analy-

por. ses vectors represent changes in the reflectauce at a point,

through time. No motion in geographic space is envisioned.
Both spatial and temporal variability are strongly scale A large number of points in geographic space can occupy

dependant, There is a general trend in most land cover a single location in spectral space.The converse is not true.

data for spatial autocorrelatlon to be low at fine scale, to
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In environmental dam space. the basis for environmental sdered to be representative in one domain may not be

domain analysis. topological relationships are linked di- representative in another Sampling strategies therefore

rectly to enwonmental g-&devton in this space drive need to consider the data distributions in all of the rel-

the continuum of change in vegetation composition evant domains.

served in nature.The conflict in ecological literatur be-

tween those who favour a community view of vegetation 3: Interactions Between the Algorithm
and those who view it as a continuum lies squarely on the and l)ata
fact det commun is a spatal concept in geographic space. In parametric statistics a classifier is an algorithm, in non-

whilst the continuum is a spatial concept in environmental parametic. data-driven analyses the classifier results from

data space (Austin and Smith, 1999). Both are common the iction between an algorthm and a learning sam-

representations, but fundamfe y diiarent in the way they pie.The characterscs of th a • u' m pl deterune,

can be analyse. In geographic space one can move from t classieer. Carefulto a large degree, the beav our h lau .Caeu

one point to another along a vector. This same motion in deg of erng samples is vital for good performance in

environmental data space may result in no motion, this areaThe be as of different algorithms in the
environmentshealong this vectordin geographic spacenare

environments ak this vector in geograhic space are way they use th learning sample is also very important in
the same, or a jump from point to point if say, a soil bound- the desig of nlye.
ary is crossed. As before, a large number of points in geo-

graphic space can occupy a single location in environmen-
I.I: Decision Tfrees

tal data space and, once again, the converse is not true.

The recursive partitioning which is the basis for decision

This particular dichotemy, between representation of veg- tree algorithms seemed to be an ideal strategy for dealing

etation distribution in geographic space and environmen- with the data domain problem. Each split, or decision rule,

tal data space, is a dichotomy between data models. The is made in only one data domain. The tree building (learn-

'mapping" school reduce observations of vegetation to a ing) procedure moves from data domain to data domain

series of vegetazion classes, even forest types. In some as it searches for optimum splits and makes only minimal

ecosystems, particularly Australian eucalypt forests, these assumptions about the relationships between variables This

class boundaries are cultural (statistical) artefacts. Slight sort of inductive learning produces clear and explicit re-

changes in contribution to the canopy can lead to a change sults. Careful monitoring of the derived rules is necessary

in class. In such cases, there is often more variation within to identify rules based on statistical artefacts rather dtan

the class than between classes. Nevertheless, the funda- process relationships. This monitoring, preferably by a

mental structure of choropleL i mapping requires this re- domain expert, is vital to weed out nonsensical relation-

duction of variance to permit the mapping of polygons. ships which would induce error when the tree was used

This mismatch between the phenomenology of the data as a classifier. High correlations between independent van-

and the data modelexcusable in the days where choropleth ables often confuse this sort of system. For example, in

mapping was the only means of representation, has been the modelling of vegetation distribution around Kiooa a

carried forward to the present. decision tree may indicate that elevation is an important

Domain knowledge is fundamental to constructing the variable. Examination of the tree will show that geology is

necessary spaces for analysis, and for understanding; t an alternate split at that point. The high correlation be-

relationships between the spaces. In many problems dif- tween geology and elevation in the Kioloa learning set is a

ferent parts of the analysis need to be carried out in differ- statistical artefact of the data set. The area is predoni-

ent data spaces. Importantly. a sample which can be con- nantly Sydney Basin sediments which are flat lying. Changes

in g•ology correlate with changes in elevation for much of
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the data set and the dyctal elevation miode is the hiowe knowni. only partially known, or would necessiate the

rsolutioni varsable. It thereflore comes up as being more generationi ofan impracticable lee (scale. volume or coat)4

significantly related to change in tree species duan does of input data. Within the suite of data-driven techniques

geology However as the vlevations concerned are not they are useful for dealing with non-parametric data when

ext-m eniough to genierate significant climatic gradients. there is insuilcient data to use a more explicit technique

it is clear that the process driving the change in species is such as decision trees. The sigmyoid and hyperbolic can-

the slight change in nutrient status associated with the gent transfer functions used mean that neural nets are

diferent geology types. A domain expert would be able rather better at dealing with fuzzy data than the crisp logic

to identify this quite readily and change the variable at that of decision tem. Two types of approach ir of particular

point accordingl. Slope also acts as a useful correlate for interest in this contex One can be roughly typed as an

changes in geoog often at scales well below that at which unsupervised approach, the other as a supervised ap-

geological i-formation is available. This explicit nature proachea. in some network configurations these can be

of decision trees is very attractive but in many applica- c

tions does not ofFset their hunger for huge •aring sam-
ple The unsupervised approach is exemplified by the Kohonen

network or by Self Organising Maps (SOMs) (Kohonen.
1964). A Kohonen network is a single layer of neurodes.

3.2: Artificial Neural Nets Their initial values are set randomly.As each input (train-

Having experimented with the dec:4 tree approach for ing) vector is fed to the layer the neurode with a value

some time with good results (Moore et al... 19• 1; Lees & closest to the input vector fires. This 'win' by the success-

Ritman, I19) it became clear that. for some apications, ful neurode is 'rewarded' by the neurode being allowed to

the ainount of learning data required to produce the re- migrate its value closer to tht of the input value. Its neigh-

quired level of discrimination (number of classes) was im- bours are similarly rewarded by being allowed to migrate

practicaly high. This is particularly true where some classes their values towards the input value, but by a smaller

are poorly represented in the learning sample as. with a amount This procedure continues until the Kohonen layer

stopping point of 25 or 30 points, many classes simply hav has developed a pattern where similar values are closely

no chance of being predicted. It is possible to plot prob- adjacent. in the layer. This behaviour is similar to that of a

ability surfaces, or fuzzy set membership, using the mem- decision tree with the neurodes at the end of training be-

bership of the populations at each terminal node to over- ing roughly equivalent to the terminal nodes of a tree. pro-

come this, but these problems prompted a further search cedure is organising the Iae in response to similarities in

for methods less hungry for data. After a short search, the input vectors. Uke decision trees it can result in a

several types of Artificial Neural Net appeared to offer number of neui,,des, often widely separated, being used

attractive solutions to the problem (Fitzgerald & Lees. 1993; to produce a single class in the final thematic map. The

1994). It is useful to think of some of these algorithms as problem with this is that no information on the level of

doing in parallel what decision trees do in series. discrimination required is being supplied to the training

Artificial Neural Nets are a fleld, rather than a group, of procedure. This is where understanding the link between

quite unrelated algorithms. Many originated as projects the problem and the data is very important The algo-

to understand human information processing and were nthm is grouping the input vectors and has no informa-

never intended as the analytical tools they are now some- don on how this relates to a useful output In some prolects

times seen as being. Neural Nets are part of a suite of this is not a problem. However, if one is trying to produce

data-driven modelling techniques which are useful when a thematic map with classes representing the sea, non-

the processes underlying a phenomenon are either un- forest areas and , say. ten forest types there is a level of
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imbalance in the level of discrimination being sought In dons which take advantage of this characteristic and are

order to produce the ten forest types, one would have to probebly not achievable using any other method.

produce perhaps as many grassland and non-forest land This might best be illustrated using the example of an ex-

cover types probably many more, and as many shallow/ ercise we carried out across the Liverpool Plans in the
deep wwter classes. This maao t the number of neurodes
dequirep wather class lyes Ts lare ad Murray Darling Basin. They form part of a highly produc-

tieo agricultural area. increasingly affected by dryland sa-

the learning time considerably longer, If this is not done. linit, which is estimated to cost $ 10 million per annum in

then one can suppress variability which is needed for sub- lost agricultural production. Cropping in the area is highly

te discrimination between closely allied classes variable, temporally and spatially, as a result of opportu-

Supervised procedures can avoid this and the commonly nity. summer and winter cropping cycles, and strip and

used Back Propagation Network is a good model to dis- broadacre paddocks. The Liverpool Plains cover an area

cuss in this context (Rumelhart & McClelland. 1986). The of 1.2 million ha.

input vectors are passed down through a multi-layered

network. In the training phase, the output layer is corn- Hydrologically the Plains are considered as an evaporative

pared to the known (or desired) output value or class basin with a small leak, rather than a fluvial system.

associated with the input vector. If the output is in error Groundwater movement through the basin is complex and

the network weights are altered slightly to reduce the dominated by salinity gradients. microtopographic features

chance of this path being followed next time. If you were and subtle lithological heterogeneities rather than topo-

a Skinnerian dealing with rats, this could be described as graphic slope. Accurate modelling of this movement would

punishing the network for its mistake. Samples are ran- require detailed, and expensive, sub-surface data. An al-

domly drawn from the training data for as many iterations ternative was to attempt to identify empirical evidence of

as are necessary.After a while, the network error rate will the groundwater movement on the surface and infer its

tend to stabilise and training can cease. This ability to use behaviour from that. A first step in doing this was to cry

the training sample for as many iterations as are necessary to use remotely sensed data. The liverpool Plains region
have a dominant pattern of intensive agriculture. Slight

is one of the most attractive features of neural nets.

variation in cropping responses due. in the main, to the

Neural nets of the type discussed here (BPN) work best geochemistry of the soils, is detectable in some places.

with a representative learning sample which is made up of This is a classic signal detection problem. We are looking

vectors which are modal to the desired output classes. If for a change in signal on which we can base management

this is done the learning sample size can be kept small, strategies. The dominant pattern/signal does not relate

This keeps the degrees of freedom low and increases the to salinity and tends to overwhelm the pattern/signal which

level of confidence in the final result, may do. In order to provide a more useful management

tool we set out to teach a neural network to discriminate

3.3: Pushing Things to the Limit the dominant spatial pattern of agriculture, using GIS. and
to process the remotely sensed data as though there were

Unlike decision trees, BPN can be remarkably tolerant of
no field boundaries and only one crop present

noisy data if handled carefully. If much of what has gone

before sounds like an impossible string of motherhood With an optimising technique to work on this data the S
statements about how we need to clean up our data for number of'hit' cells in the presence data must be greate-

these systems, then it is heartening to have a technique than the number of'miss' cells. Conversely, the number of

which, if used carefully, can cope quite nicely with the re- 'miss' cells in the absence data must be greater than the

alities of data. Indeed, one can even structure investig-- number of'hit' cells. If these differences are great, then
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do network will converge on an optimum solution with- is independent of vegetation and therelore of growing

out a great deal of trouble. However, te less significant conditions and cropping cycle, year and stage in season.

the dikmces this mom an mus be taken in settng h Pe, -, its naughty to use the tolerance of the algorithm

larning rate to achieve some sort of convergence, to data in this way, but it does illustrate that a good

In order to achieve this we classified SPOT imagery over dnclersandin of the interactions between the algorithm

the area and constructed a polygon coverage of field pat- and the data can pay off in unexpected ways.

tern. Using a modal filter we then labelled these polygons

with the modal spectral class within the polon. This cre- 4: Conclusion

ated a simplified image of the land cover. one which'tends' In such a sweeping review as this its difficult to point to a

to be true. There is no assumption that these classes cor- single. tight conclusion. It is however possible to say that

respond to any particular crop or land cover. We then times and techniques are changing rapidly and that it is

selected a class which was well represented and was adja- very important not to be distracted from the necessary

cent, at some location or other, to most of the other classes houskeeping tasks of data management by the fascinating

to be the reference class. Using the questionable principle range of new techniques becoming available to us. Indeed.

that soil characteristics will not change dramatically over given the characteristics of many of these new techniques

short distances, we then labelled points in each field class in geocomputation, these are perhaps more important than

as being equivalent to the reflectance value of a neigh- ever.

bouring point in the adjacent reference class field. Because

of the necessity to avoid mixels along the field boundaries Bibliography
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1. Introduction. 2. The model.

We consider the city as a complex and open system, that The model we present elaborates on our previous City

exhibits phenomena of self-organization. We further sug- models. Uke them, it consists of two interacting layers - an

gest, that as such a system the city has a special character- infrasruczre submodel, which is an extension of cellular

istic: its elementary components are human individuals automata and represents the dynamics of the city's physi-

which, unlike the elementary units of non-living and most cal structure, and a submodel of free human agents, which

of the living systems, are themselves self-organizing com- describes the migratory movements of individuals. It dif-

plex systems. Based on this approach, we have developed ferc from past formulation in its definition of the cultural

a series of agent-based models of city residential dynamics identity of the agents - this is the novel feature we stidy in * *
- Cty model, with which we were able to show the emer- this paper.

gence of different forms of cultural and economic segre-

gation. and, most importantly, the emergence of a new 2.1. The infrastructure submodel.

socio-cultural group in the city space (Porali. Benenson, The infrastructure of City is a square HMM lattice of cells

Omer, 1994. 1997. Benenson, Portugali, 1995, Portugali, which symbolizes houses. Each house H, can be either

Benenson. 1994, 1995, 1997). Our previous studies were occupied by an individual agent or remain empty.We con-

based on the presentation of the individual agent's proper- sider a 5S5 square with H1 in the center as the neighbobhocnd

ties. namely economic status and cultuml identity, as one-di- U(Hý) of house H,. Houses differ in their value V,. Each

mensional quantitative variables. In this paper, we call off time-step the value of the house is determined anew.When

this oversimpiifying suggestion, regarding agent cultural an agent A occupies house HW, its value V, is updated in

identity and consider the latter as a mu/tidimensional and accordance with A's economic status S, (see below) and

quaoltive variable. Such a representation implies that each the average value of the neighboring houses in the follow-

individual agent in the model has its own personal "cul- ing way.

tural code" (reminiscence in its nature a genetic code), V'"I (aSA + (N(U(Hi,))- I)<V').u)/N(U(H,)) (I),

and that the cultural groups of the city consist of individu-

als with identical cultural code.This formulation allows us where <V',>u 2 $.V,. I H. I U(H,), Hid # H})

to study the recurrent process of soco-culturol emergence (N(U(H)) - I) is an average of houses' values in U(Hd

and elimnation in the city. besides H Wand N(U(H 1)) is a number of houses in U(Hý).
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When a fr agent leaves house HN1,and the latter remains w(V' I Hu U(HN. N,  u .occupied N, U# H)),
unoccupied. the house's value V, is decreasing at a con- (N(U(HN))- I) (5).

stant rate: Beow we name SDO a local economn1 tesimon of individual

V"' a d'V' (2), A at location Hr

where d < I. Here and below we omit, when possible, The global economic infbnniaton available to each individual

indices of location, agent is given by an average of houses' values V'1 over the

city.
2.2. The submodel of free human agents.

The individual free human agents of City have the ability <Vt> k U -VI I k, I e [I, M])AMII) (6).

to estimate the state of the city on its two layers and to 2.2.2. The cultural code.

behave in line with information regarding linclivkduaJ, lo- Each human individual enters the world with an inherited
cal (referring to the characteristics of the neighborhood's genetic code, which pre-program his/her possibilities to
and the neighbors' state) and global (referring to the state behave and interact with other individuals when creating

of the whole city) levels of organization in the city. They groups or societies. Inspired by this perspective, we sug-

immigrate into the city, occupy and change residential o- our model enters thegest that every individual agent in ormdletr h

cations there, and leave the city when the conditions are city with a "cultural code". which defines its possibilies
unsatisfactory.The agents are characterized by two sets of for residential behavior and interactions with other agents.
variables, with which we try to reflect the economic and In genetics of qualitative features as well in studies of arti-
the cultural characteristics of the human individuals in the ficial life, it is common to represent the individual's geno-

city. type by means of a high-dimensional binary vector (Banzhaf,
2.2.1. Economic characteristics. 1994). Below, we introduce the cultural code of an indi- ' 0

vidual agent in the same manner. As emphasized in ourThe economic state of agent A occupying house H is ge

by A's economic status SA.The dynamics of individual's sta- previous papers, and at the outset of the present one, we

suggest that human agents are characterized by their abil-tus is described in a simple logistic wy

ity to vary, and, consequently, self-organize, in line with the
S'A = (RA StA (I - StA)- m VH)f <Vd (3). dynamics and evolution of the system they belong to.We, I
where RA is an indidual rate of economic growth, that does therefore, suggest, that the cultural code of an agent and

not depend on t, and m" V'. is a "mortgage payment", its residential behavior can change through its interaction

proportional to a house's value, with its neighbors, neighborhood, and the city as a whole.

The local economic information available to individual agent 2.2.3. Cultural characteristics.

A, occupying a house H1. is given by the economic status The cultural code of an individual A is described by the K-

of the neighbors and the houses' values in the dimensional Boolean vector Cx = (c,,,.c, "c,",...,'cC)'

neighborhood. Formally, the decision of the model indi- where c...e (0, 1).k = 1,2,3,..,K.As a result individuals
vidual depends on the difference SD, between A's status of 2 ( different cultural identities might exist in the city.

and the mean of the neighbors' status and the unoccupied Individuals A and S have different identities when vectors

neighboring houses' values CA and C. differ in at least one component Quantitatively S
SDA - Abs(St. - PI) (4), we measure this by difference r between A's and B's iden-

tities:
where I", = (n(St, I B occupies HN e U(HN), H.# N•}

+ r(C,,C )a j(cA, XOR c..) I K (7).
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The representation of local cultural information is related to Here ILS is the value of Lieberson index that corresponds

the notion of local spatial cognitive dissonance of free agent to visually segregated pattern, and below we set LS" equal

A. Aplymng the general definition (Portugali, Benenson. to 0.4.

1995en Hakin Portugal, 1995) to whnemuld sional pon- We suppose, that local and global information influence

agent's cultural identity in alternative ways. High local cog-

tive dissonance CD, of agent A, occupying house H,. as nIve dissonance CDIA forces an individual agent A to

an average of the differences between A's identity and the change its cultural identity, and an A's reaction to the

identities of his neighbors: local cognitive dissonance is characterized in the model

CD'. a f(r(C',,C') I B occupies H1 e U(Hd, H.# by a senstity LA e [0, I]. In the opposite direction, high

H1)I(N' ,(U(H)) - I) (3), level of segregation of individual agents of identity CAforces

A to preserve its current identity and an agent's reac-where N'o,(U(H1 )) is the number of occupied houses in

U(H). tion to the global segregation is characterized by a sensitiv-

ity GA e [0, I]. Below we suggest that LA and GA are in-

If individuals similar to A in their cultural codes are segre- herent properties of A and do not depend on t.

gated in the city at a certain degree, then their spatial dis- The change in an agent's cultural identity thus depends on
tribution might affect the behavior of A. For this purpose

two controversial tendencies. The cultural identity of anwe define a glba cultural informnation GDA. available to

free agent A. about the level of residential segregation of agent A can be changed when the local tendency to change
an identity exceeds the global tendency to preserve it+ i.e.

the individual agents of identity CA.We use the Lieberson

( 191 ) segregation index LSx.Y to characterize the level when LA' CD1 > GA'GDA. If the latter is true. then the

of segregation of a certain group X relative the other group probability that the i-th component of CA will be changed

Y. LS, is a probability for individual A that belongs to is proportional to the absolute value of the difference be- *
group X and located at house H, to meet a member of tween the fraction of this component among A's neighbors

and its value for A.Additionally, we introduce the possibil-group Y within U(H).The complete information on the

residential segregation in the City at iteration t is given by ity for a "cultural mutation" with probability r_ per com-

the 2Ib21 matrix of Leberson segregation indices M...~ ponent of identity. As a result, for an agent A of identity

for each pair of cultural identities (XY).To decrease the CA = (c,•. c¢A......, c -, , €. •c), occupying house H1 , the

enormous dimensions of this description we suggest be- probability of change in the i-t component c Of C to

its negation, i.e. from urit to zero or vice versa, is
low that agent A's behavior depends on the global level of

segregation of its cultural group relative all the other indi- P• . max{0, (LACD'A - GGDIJ((Abs#1,- c'A) + r)

viduals taken together. and denote the corresponding value (S Abs(I•'k - c,) + r K)) (10),

of Leberson index as LSA. The dimension of the latter where F.h is a frequency of not c'A in the cultural identi- S
description equals to the number of identities, i.e. 2K. The t eeties of A's neighbors at iteration t:
values of LSA below 0.2 corresponds to visually random

distribution of agents of identity CA' while the values above f,, e{ AND (NOT €.)I B occupies H. e U(H4),

0.8 correspond to one or several domains occupied by H.# H,)(N',(U(HM) - I) (II).

the these individuals almost exclusively. Quantitatively, we We suppose that only one component of cultural identity

describe the global cultural information an agent A ac- can be changed at a time-step.

counts for as:

GDIA max(0. (LSA LS))/(I - LS') (9).
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2.3. Model dynamics: trade off between H4 is atractive for an agent AX when at least four houses

migration and individual's change. in U(Q4 1 are occupied. For details see Porugal Senenson,

According to the flow-chart (F. I ). at evtry iteration, each Omer (1"7).

free agent A in the city decides whether to move from. or The conjunction between individual, local and global fac-

to stay at. its present location.As it is shown in Fig. 2, the

probabily to leave a house tos. can lead individual agent A to decide to continue to

occupy house H in spite of high economic tension and
probbilty o ocup a nw husedeceass ~cultural dissonance. The reason, for example, might be a

with an increase in either individual's economic tension
lack of attractive vacant houses in the city.The basic sug-

SDA (see formula 4) or cultural dissonance COA (se
gestion of the CitY model is that in such a situation the

for culate th tdissonance is resolved either by leaving the cityor by change

We calculate the probabili that agenAwill leave its house n pmperties of the free agent itself
as:

p(SD', CD%.) a I - - p.(SD'y))(0 - p,(CD'-)) 2.3.1. Free agent's behavior under

(12), increasing economic tension.

The change in the individual's status is an inherent source
and the probability that A will occupy a vacant house HN of the City economic dynamics. If an agent's status changes

as: significantly faster, or slower, than the average status of the

q(SDO, CD'S, H,) - q.(SD'A.HI)' q,(CDA.,H,1 ) neighborhood, the agent either tries to migrate to another

(13), location or "goes bankrupt" according to (I) and migrates
out of the city.

where p denotes the probability to leave a house, q de-

notes the conditional probability to occupy a vacant house 2.3.2. Free agent's behavior under

HM. when it is the only possible choice, and indices e and c increasing cultural cognitive dissonance,

denote economic and cultural componentsA vacant house An inherent source of the City cultural dynamics is a mu-

Internal migrations loop Immigration loop

Dave th cty Leave the city

YN

stay ins the To leave To 9ct o'97iy T oC 9
sane home the .. y a new, . s? next a new . ",e?

Y

status maxt @ad t~t+i of houses' vakie

Figure 1
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Probabilities to leaveioccupy a house

L 04

probability Probability
to leave a house to occupy a house

0 .1 0.2 63 0.4 0.5 LA 6.7 0.3 *.3 1

SIDA /C DA

Figure 2

tation process, that prevents the City fr- i cul- 2.3.3. Emigration.

turally homogeneous. An individual L in an V% have stated above that an individual, whose economic *
heterogeneous neighborhood of non-zero - .. wi e. ei- status reaches zero leaves the CktyA free agent that failed

diter succeeds to change residence, or fads and, thus. ei- to reside might (1) leave the City with probalilty pu; (2)

ther changes an identity towards the "modal" identity of change cultural identity with the probability given by (10);

the neighbors (Fig. 1), or preserves its current identity du 2 and (3) stay at his current location and do not change at

to high level of segregation of agents of simnilar identity in Af.

the city (see formula 10). Unlike the changes in the one-

dimensional economic status, the changes of agents' culi- 2.3.4. Immigration.

tural Identity do not decrease the cultural diversity of thte At every time-step, a con, .dnt nsumber of I kidividtial try

city when K > lA~s an example consider the agent lo- to enter the city from outside and to occupy ahouselin it.

cated at a boundary between two segregated groups of The eoom~ic~l 5status S, and growth rate R, of each iimm-

indivduals (0,0,0...0) and (1, 1, 1,...,).According grant I are assigned rando"i zmd odependently.The dis-

to (10). there is a high probability that the identity of, say, ti'ibition of S, is a normal truncated on [mlnd,,(S").

the (0, 0,0,...,0)-agent will change to a new one with a naxi.,(S"')] with a mean equals to the instantaneous

unit at one of the components and, thus, will differ from mean status of the city agent <S`-1),,,, and constant CV.

identities of the agents of both groups.This salient conse- The distribution of P, is a normal trunicated on (0. R,,.J
quence of multidimensional representation of Cx dew and does not depend on t.

mines most of the r~esults below. Cultural identity of the immigrants is assigned at random.

in proportion to the current fractions of agents of each of

the 21 possible identities.
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3. Results. I Immigration rate I equals 4. or 0.25% of maximum

The aim of our model is to examine the process of socio- number of the city residents - 1600.

cultural emergence in the city. the inhabitants of which 4 Probability Pu to [a the city. when failing to occupy

can vary in their cultural identity according to potentially a new house, equals 0.075

ifinite number of traits.To qualify as a newly emerging S Distributions of sensitivities L and G are uniform on

socio-cultural entity a group of individuals must fulfill si- [0, 1].They are assigned to the agents independently

multaneously three conditions (Portugalil Benenson, Omer, of each other.

I 997).At the h dku level the members of the group & Mutation rate r,, is 0.02

must have the same cultural identity, at the loca level 7. Threshold group size sufficient to recognize a group

most of the group members should be located within as an "entity" is 40 individuals (enabling up to 40 dif-

neighborhoods of their own, and at the global the ferent identities to exist simultaneously in the city).

number of group members and their spatial segregation At present, our computer allows us to study the system

have to be sufficiently high. behavior when the dimension of the cultural identity vec-

tor CA is less or equal to S.The question of whether the
Our previous studies (Portugi. Beenson Omer 994 case of K 5 is representative of a higher-dimensional CA'

1997, Benenson. Portugali, 1995, Prtugali, Benenson. 1994, will be studied further.

1995, 1997) show that different sets of parameters might

generate three kinds of residential dynamics in the City. The results below are common for five repetitions of each

One is a "random" city. another is a "homogeneous" city, scenario.

in which most of the agents belong to the same group, and

the third is characterized by a complex structure.AII these 3.2. Presentation of the City patterns.

regimes are observed in the present study too, and. below. There exist certain difficulties in presenting the spatial

we deal with the set of parameters that entails the most characteristics of the city when a cultural identity is a * 0
multidimensional vector.To present the image of the city,interesting "structured" dynamics. In this paper we are

specifically interested in the question of whether the we use below three kinds of mapThe first one isa distri-

dential distribution of the individual agents in the city bution of agents'cutural identitywit each identty marled

evolves towards a state that can be called "persistent" in by its own color. This presentation is the most detailed

some respect and, if so. what are the characteristics of this one, but is unacceptable for K • 2. in view of high number

state. In particular, what is the numbe. ad te ll and non-linear ordering of identities. The second type of

segregation, of the emerging socio-cultural entitiesare they maps is that of difference r(CA,C.) between the identity

fixed? do they vanish in time? what is their "llfe-history"? CA of agent A. occupying house H and an a priori chosen

Below we concentrate on cultural identity only andthere- identity that equals. say, C. a (0, 0, 0 ... 0 ,). This map

fore, set p,(SDA) a O and q.(SO'A,H,) = I. shows the effects that do not depend on K. but its disad-

vantage is that several different identities CA can equally

3.1. Parameters' value and initial differ from the selected for comparison.The third map is

conditions, that of a distribution of cultural cognitive dissonance of

The scenarios we run share the following conditions: the residents.This map is a surrogate of Stability-Instability

Surface (Portupli. Benenson, Omer, 1995) in the sense
I. City isa 4040 lattice, that the higher is the dissonance, the higher is the chance 0
1 lnitially, at t a 0S each cell within a circle of 3-cell diam- that the state of a given house will change.

eter, located at the center of city lattice, is randomly

occupied by individuals of all-zero cultural identity (0, Before proceeding to the analysis, let us point out that the

0, ... ). dynamics of the distribution of cultural identity depends

FII iI ]•
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on the number K of its components In general.an t -uase sist"As a result. in a long run (we stopped the simulations

in K increases the "resoluton" of identity, but keeps the at t a 25 ) the number of socio-cultural entities, exist-

range of its variabilityVe mean here that according to (7) ing simultaneously in the city for K a 2. fluctuates between

the maximal possible value of r(CA,C,), i.e. difference be- three and four. and the life-span of the entities is of the

tween individual A of identity CA and individual S of the order of 500 iterations.

oppositeidentityC(C,=(0,0.III__ 0) and C,=(1,1. Let us now skip an intermediate cases of K equals 3 and 4.

I ..... I), for instance) remains equal to unit. no matter and proceed with Ku 5 .
what K is.

3.4. Model dynamics for high-dimensional
3.3 Model dynamics for low-dimensional cutrlieiy:K=5

cultural identity: K = I and K - 2.

ThecaseofKu I corresponds to our previous analysis of 3.4.1 Initial stage of the model dynamics.

residential segregation between two cultural groups The number of possible identities for this case is 21 a 32.

(Portugali. Benenson. Omer. 1994). The city dynamics in The first mutant agents belong to one of five "close-to-

that case entailed a fast self-organization of (0). and (I). zero" identities, which are characterized by unit at one of

identities within two or several segregated patches. The the components and zeros at the rest of them and, corn-

boundaries between the homogeneous patches remain the pared to K 0 2. it is not necessary that all of them will

areas of instability, with intensive exchange of individuals emerge at the first stage of the city development In the

(Fig. 3a. compare to Portugali. Benenson. Omer. 1994). five runs we did.their number vary between two and four.

When K equals two, the dynamics of the city still resem- 3.4.2. Persistent dynamics of the city.

ble some of our previous results (Portuali, Benenson, 1997, The entities that emerge first determine the further dy-

Portugali Benenson. Omer. 1 997).At the beginning of the namics of the city, In a way similar to the case of K = 2.the

runs, in line with the restriction of mutation process by boundaries between two homogeneous domains (occu-

one component per iteration, only (0, 1)-and (1.0)-agents pied by the entities that emerged at the first stage) and

emerge. The numbers and the level of segregation of the the heterogeneous domains, occupied ; y the agents of

initial (0,0)-.and of new(, (1)- and (1,0)-identities reach varying identities, are areas of instability. The agents lo-

the levels satisfying the conditions of socio-cultural emer- cated there, either leave their houses or change their iden-

gence. to t - I00. when the fraction of unoccupied loca- tity. None of the properties of the certain socio-cultural

tions in the city is at a level of 25%.The agents of (0, 1)- or entity currendy existing in the City can be predicted in a

(1, 0)-identities that change it toa (1,1) because of muta- long run.As a result, we cannot follow the qualitative fate

tion or dissonance with the neighbors, still have the vacant of certain ideity, but still are able to understand and pre-

houses to reside.As a result. the (1, 1) socio-cultural en- dict are the properties of the model city as a complex S
tity emerges in the City (Fig. 3b) in all of the model runs to self-organizing system:

t - 400. In parallel, the number of vacant houses tends to

approach zero, and strong competition for houses turns I.The persistent city structure is characterized by a mix-

to be the factor that defines the survival of the entities. In ture of spatially homogeneous domains, the population of

general, the survival of a certain entity is defined by the which forms socko-culur entities, and domains that are

position and the size of the domains. it occupia.The high heterogeneous at different level.The former cover about S
value of the perimeterlarea relation, as well as the com- half of the city for K a 5 (Fig. 3c).

mon boundary with an opposite entity (e. (0, I) for (I, 2.A limited number of cultural entities can exist in the city

0)-agents) decreases the chance that the entity will per- simultaneously (Fig. 3c, Fig. 4).
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Dynamics of the number of socio-cultural entities
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3. The life-span of soc-cultural entity is finite and h crease in the segregation in the city, its instability does not

entities replace each other in the city space.About 20% of converge to zero (Fig. 6) and several unstable zones are

the entities persist in the city I I iterations or longer and preserved.We can say, thus, that the city is self-organizir~g

10% persist 25 iterations or longer (Fig. 5). and evolving toward critical internal structure, that pre-

4.The distribution of cultural differences r(CA,Cd betwee serves the ability to changes.

the cultural identity CA of agentA. and certain"basic" cul-

tural identity C. (C (0.00. 0) for the mas w 4. Conclusions and Discussion.

present here) is self-organizing as well (Fig. 3).This distri. Our research is based on the idea, that an individua" hu-

bution has two opposing characteristics. First, in general, man agent is able to change him/herself, depending on in-

the difference r(CACd increases with the increase in the formation at different levels of self-organizing city strur-

distance from the location of the agents of the C. identity. ture. Such an idea irr ,lies the possibility of socio-cultural

Second, non-linear ordering of the identities implies the emer- emergence in the city (Portugali, Seienson, 1997. Portugali.

gence of the adjacent areas of entities CA and Ca. that Benenson, Omer, 1997). In this paper, we introduce the

equally differ from C. (i.e. r(CA,Cd - r(CA,C)), but dif- notion of"cultural code" which describes the individual as

fer also among themselws (i.e. r(CA,C.) is high). See, for a multidimensional and qualitative unit. From this perspec-

instance, the bottom part of Fig. 3c, where the boundary tive. follows three new qualitative phenomena. First, recur-

between yellow and violet domains is an area of high dis- rent self-organization, emergence and extinction of the socio-

sonance.This property, determined by the multidimensional cultural groups in the city. Second, only a limited number of

and quantitative nature of cultural identity of the model cultural entities (from a large number of possible ones) can

agent. limits the CGyý instability from below. With an in- exist simultaneously in the city space. Third, the city as a

City's instability, given by fraction of agents that want to leave •
a house, vs number of socio-cultural entities

0.52T

0.10 InstabIty does not

- decrease

-. 5
oI I -- - .-
0.08 - - - - -----------

" : • " I I

0.04 I - - -

0.0
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Abstract. alluvial fans which are similar to those observed in the

There have been recent advances in the numerical model- field, and indicates the emergence of sigaificantly non-

ling of hydraulic and sediment transport processes at a linear behaviour.

fine scale, but the ability to extrapolate these advances to

a larger scale is rarely realised. Existing approaches have

been based upon linked cross sections, giving a quasi 2-d Fluvial sediment transport and the supply of sediment to

view, which is able to effectively simulate sediment trans- and from the floodplain are the most important processes * *
port for a single river reach. A catchment represents a in the evolution of a catchment. For this and other rea-

whole discrete dynamic system within which there are sons. fluvial models, operating at a :ariety of scales, have

channel, floodplain and slope processes operating over a taken a precedence in geomorphology.These range from

wide range of space and time scales.A Celluiar Automaton the three dimensional modelling of circulation surround-

(CA) approach has been used to overcome some of these ing a confluence, detailed two dimensional finite element

difficulties, in which the landscape is represented as a se- grids of water surface profiles (Nicholas 1997. Bates et al

ries of fixed size cells. At every model iteration, each cell 1997) and the more 'classic' one dimensional approach of

acts only in relation to the influence of its immediate neigh- calculating over cross sections, such as HEC II. Most ap-

bours in accordance with appropriate rules, pear successful, but due to the complexity of solving the

complex Navier-Stokes equations used,are computationally
The model presented here takes approximations of exist- restricted to operating in a confined area.They also fail to

restricted to operating inaascnfineduareo.Theyaalsonfailatos
ing floy i~d sediment transport equations, and integrates account for processes outside of this study reach, such as

them, together with slope and floodplain approximations, mass movement, hydrology and changes in upstream sedi-
within a cellular automaton framework. This method has ment supply.

been applied to the Catchment of Cam Gill Beck (4.2 km
2

) above Starbotton, upper Wharfedale, a tributary of the Other authors, Howard (1994, 1996), Polarski (1997) take

River Wharfe. North Yorkshire. UK. a different approach, placing the emphasis on the slope S
processes. Howard simplifies channel operations to a sub

-This approach provides for the first time a workable model grid cell process. with values for width and depth calcu-

of the whole catchment at a meso scale (I in). Preliminary lated using empirica' relationships. This approach allows

results show the evolution of bars, braids, terraces and the a~radation and degradation of the channel, in the con-
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text of the whole catchment, but does not allow the for- hydraulic modelling this creames numerous problems, as

nation of terraces. a flood plain stretigrohy, or differing changes in bed/floodplain topgah and spa~tial changes

channel forms which ge-omorphokigsms use to interpret in the network require a frequent re-definition of the mesh

past environmental change. of nodes used, which is highly time consuming, especially if

Whilst both of these approaches are fruitful, the former, a curvilinear approach is used.

hydraulic approach trades catchment scale realism for Io- In this paper, a cellular automaton (CA) model, simple in

cal flood plain accuracy, whereas the latter sacrifices chan- concept yet complex in implementation, is applied to an

nel accuracy for reali:m at the catchment scale.Two rea- entire small upland catchment.This model aims to recon-

sons for this split can be identified. Firstly, numerical flow cile scale issues by dividing the catchment into uniform

modelling mainly comes from a strongly engineering back- I m 2 grid cells. This resolution is chosen as being small

ground. where the prime consideration is the channel.The enough to allow representation of fluvial processes, yet

second reason is scale. large enough to encompass a whole catchment. Further-

more, to resolve temporal scale problems a variable time
When examining a topic as complex as landscape evolu-

tion, there are numerous processes acting over a wide step is used which is dependant upon the erosion rates.

This allows the representation of small scale processes
range of time and space scales.These range from the move-

ment of a pebble in a split second, to the creep on a such as fluvial erosion, yet incorporates the long term ef-
fects of vegetation change and soil creep. This model is

mountainside over thousands of years.The importance of

a mass landslide in changing the landscape is obvious, but being developed as part of on-going research to investi-

should we ignore the pebble's movement? If we assume gate the relative effects of climate change and humans in-
fluence on the upland landscape over the Holocene

our landscape to be a chaotic system. highly sensitive to
(Coulthard et a1 1996, 1997, MacklIn & Lewin 1993). In this*

initial conditions, then the pebbles' action is important, as

is the butterfly effect to a climate modeller. Lane et al (1997) paper the Authors wish to :

seems to confirm this idea, suggesting that fluvial system I. Focus on the models unique application at this scale.

behaviour is highly dependant upon its context. This 2. Investigate examples of non linear behaviour in the rela-

presents a major problem for a modeller in selecting an tionships between processes.

appropriate level of resolution. For example, if studying 3.To consider an appropriate choice of scale, for models

the Rhine Basin, how far should we account for the turbu- of environmental change.
lence generated by the movement of a 5mm clast? In prin-

ciple the answer is not clear, as there are critical moments Method.
when it influences the outcome, but in practice computa- The model is applied to the catchment of Cam Gill beck, a

tioi;al limits effectively exclude such a high level of detail, tributary of the River Wharfe, above the hamlet of

Scarbotsoi,, North Yorkshire, "4K. The CA method used
Incorporating small scale processes in a catchment model

and details regarding its implementation are described inis troublesome, because of these scale ranges. The
full by Coulthard et of ( 1996, 1997) but sumarised below.

computationally intensive nature of finite element meth-

ods makes their use impracticable over the long timescale The catchment was digitised from 1:10 000 scale Ord-

that slope influences require (> 1000 years), and it is simi- nance Survey map contours.This data.with additional EDM

"lrly impossible for them to provide models for the full surveyed detail for the valley floor was combined using

spectrum of flood events. Furthermore, over the course the TOPOCGRID command in ARC-INFO to create a I ml

of a flood, catchments are spatially dynamic. Stream heads resolution DEM. of 4.2 million points (figure I .). Within

may extend, new tributaries and channels may form. For this topographic representation, each grid cell has proper-
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ties of elevation, discharge. vegetation. water depth, and the catchment corresponds to tht of the hydrograp Lit.

grainsize. For every model iteration, these values are al- de happens until the peak of the hydrograph occurs then

tered in accordance only to their immediate neighbour there is a flurry of activity as sediment is mobilised.This

and four sets of processes.The first component is a model then decreases with the falling limb. There are however

of hill slope hydrology, using an adaptation ofTOPMODEL episodes of activity during fairly low flow times. This is

(Beven & Kirkby 79) with an exponential soil moisture again attributed to the input of mass movement from the

store.The second input is a hydraulic routing scheme, uti- slopes.

lising bed slope and calculating depth with an adaptation Figures 3 to 6 show the confluence section as indicated in

of Mannings formulae. Thirdly, fluvial erosion and deposi- Figure I.These show the confluence of the main two up-

tion using the Einstein-Brown (1950) equation. applied to land channels. Figure 3 shows the 'initial conditions of the

five different grainsize fractions incorporated with a 3 strata area. where a small discharge has been run down the catch-

active layer system similar to that used by Parker (I 990) ment, resulting in the definition and formation of channels.

and Hoey & Ferguson (1994). Finally, mass movement rates Figure 4 shows the same region after the 16 floods out-

are calculated, incorporating a factor of safety which lined in Figure 2 above. Figure 5 shows again the same

changes with the soil saturation, area, but after I large flood of approximately 5 year return

Two main scenarios have been applied to the model. Firstly interval. These three views show the activity of several P
fifteen floods of equal magnitude. equivalent to a bankfull processes. The floods have led to the development of a

discharge have been simulated, to show cumulative changes 'fan' like structure at the base of the right hand tributary.

in sediment discharge and morphology. Secondly. a larger produced by fines from the upland areas.This has caused

flood approximating to a 5 year flood event was simu- the widening of the channel opposite and downstream.A

lated. multiple channel has formed here. due to the large sedi- -
ment influx, the channel diverging and converging. Figure 6

Results. corroborates these observations, showing the grainsize

distribution for the section after the 16 floods.This showsFigure 2 shows the results of running I S floods of approxi-
an 'armouring' down the centre of the multiple channels

mately bankfull discharge through the upper part of the

catchment.This graph shows two values, firstly the amount and a'glut' of fine material deposited at the base of the fan. i

moved in each flood and secondly the amount removed Figures 7 a & b. show two plan-views of one small section

from the catchment. The initial conditions were with an of 80 by 30m. as outlined on Figure I Flow is from top to

'untouched' catchment where every cell had the same bottom. On the right are four cross sections correspond-

grainsize content This meant that for the first few runs ing to the sections on the grainsize chart.This is a lower

large amounts of material were removed because the chan- part of the channel seen after the 16 floods mentioned

nel was armouring itself from these initial conditions and above. Here, two distinctly different formations have oc-

had a high sediment availability. Subsequent to this peak, curred. In the upper two sections, the flow emerges from

the catchment displays a non linear pattern of behaviour. a narrow constrained section into a wide valley floor.Con-

with unrelated peaks in the sediment discharge.This may sequently there has been deposition, with the formation

be attributed to the movement of 'slugs' (Nicholas et al of a coarse deposit on the right side. 30m downstream.
f995) of sediment down stream, and the consequent re- where the system is eroding, removing the deposits from
mobilisation of these, in later floods.These peaks in activ- above, the opposite has occurred, where there is a fine
ity can be also be linked to the input of landslides. Mass deposit on the left of the channel.These features are very

movement producing an input of fines into the system. similar to a'boulder berm' and side bar I terrace, in both

When monitoring the model's operation, the activity in
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Ftigure 3. Confluence section before flood series.

Fig 4. After 16 floods of bankfull discharge.
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their planform and morphology. Although this is only a suits, they are very similar. For example with figre 7. of this

priellmiary run of the model, a brief field recconaisance is run with a different sedimen transport law, the exact

shows a high correlation in both location and morphology dimensions of the berm / terrace sections is different, but

their form and location is the same. Computational imta-

Discussion. bilities could explain non linear outputs, but to maintain

Observations of catchment dynamic s m - stability. the amount eroded or deposited between each

pies of non linewr behaviour. from the outpt cell is limited to within a few percent of the local slope.

to sediment discharges (Lane et al 19i7. Evans 199).The The implications of a model generating such a non linear

model depicts similar behaviourwwith an unpredictable sedi- response are considerable.We cannot rely upon a simple

ment discharge. showing a partial decoupling between the regression style model, because the response of the sys-

hydrograpI and sediment transport processes. Obviously tern is complex.The spatially distributed nature of the sys-

there cannot be much sediment transport without a flood, tern means that we have to account for processes through-

but a flood does not pertain to sediment transport The out the catchment.lt is not the'random' input from weather

initial runs of the model, as described above, show the systems that is solely responsible for the non-linear be-

formation of landslides, berms, bars, braids, terraces and haviour of our fluvial systems, there is an inherent chaotic

alluvial fans, of similar magnitude and form to those ob- instability within the whole system.This is further demon-

served in the study area.These have all 'evolved' over the strated by the models sensitivity to initial conditions. Un-

I5 floods, the model starting with featureless valley floors, fortunately, most fluvial modelling schemes, fail to account

equal initial conditions and distributions of sedimentThe for non linear behaviour in any form.

behaviour and formation of these features is all sympto-

matic of non linear behaviour.The grainsize distribution in If a catchments behaviour is unstable, sensitive to small

figure 6 is a good example, with fines in areas of lower perturbations in initial conditions, how can we incorpo-

slopes where sediment has collected and armouring in the rate changes that are so small to appear inconsequential,

channels.Throughout the 16 runs of the model, there is a yet may prove to be important? Paola (196) treats a whole'

constant interaction between the channel and these stores, braided river system as a stochastic one, and finds the ad-

being re-mobilised and dispersed on some floods, yet left dition of a random element contributes to the accuracy of

on others.The braided patter observed in figures 4 and 5 estimates of total flow and sediment flux. However. a cha-

again is a result of these nonlinearities. The planform is otic system whilst appearing to give stochastic response is

constantly shifting channels growing in one area, yet de- in fact deterministic.The LAB (bride A Leader 1979)model

clining in another, of alluvial architecture is driven by an avulsion frequency,

derived from a probability distribution around an observed
"The model shows chaotic tendencies in its sensitivity to mean Whilst there am many other imitain to thir
initial conditions.When data is saved to file. approach (Heller & Paola 1996) similar approximations mt
the values are truncated to 6 decimal places. When the raproeseh m eoner &PAnolar96)smilar appro may tie form
data is re-loaded and the model run, different results re an one sltdata ~~~~of an Al anwi suc as a fuzz logic aplicto or'traln-
emerge from when the values are retained in the compuý ing' a neural net to incorporate this chaotic element. How-

ter memory at their full length. evecr we may never get a true deterministic answer, having

Are these complex responses simply a condition of the to rely upon an avernge of model runs, as dimate model-

models design? What happens to this response if mrom lers do,

processes are integrated, such as a better hydrological The model highlights the importance of mass movement

model, or slope representaion? Initial sestivity testing and slope processes in the evolution of a small catchment.

hints that whilst altering the laws used gives different re-
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Disabling thdw ladsid mocdiue resulted ina partial reduc- ties in the time and space distribution of the arrival of

tion in the non WoneriqtyThis sauggets that the input from sedimnent from upstream. Ukitimately the accurate mncor-

channel baniks and heads is important, both as a sediment poration of such factors will determine the power of our

input and trigger for eroson/deposition episoid-sAralysis noxt generation of iornorphokogical models. Given the

of cut fill sequences, shows stream heads to be major con- increases in computer power and advances in modelling

tributing areas as producers of sedlmvent.This re-infiorces techniqlues. it may prove that these'chaotic' terms are the

research claims by Kirkby (1994) regarding the importance mrost important

of the stvrea head in a networks evolution, There is still

some non linear sediment responseý even when the mass References.
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Kleyiu'ordts ages developed throughout the 1990's. research and de-

query environmental time series velopment at IH moved to concentrate on environmental

spatial 4-dimensional data model database design. There have been two key problems that

database SQL GIS IH has sought to ameliorate. One is that at present differ-

Java CGI WWW ent data types are held in different systems making if diffl-

RDBMS Internet distributed cult to explore relationships that span the different data

1.0 Introduction types. The other is that the demand for data exceeds the

Developing eficient and effective storage and access meth- IH Data Centre capacity to supply them. This paper will

ods for large environmental databases is one of the main elaborate the problems and describe the underlying con-

research aims of the Data and Software Systems group cepts involved in their solutions. It will then propose some

based at the Institute of Hydrology (IH). suggestions for providing a simple query interface for en-

vironmental databases, that can be made available to re-
The Institute of Hydrology investigates the effects of land- mote users anywhere. The points made will be illustrated

use, climate, topography and geology on the volume and by reference to the IH's work on the Land Ocean Interac-

character of water resources. It focuses on understand- tion Study (LOIS) (NERC, 1992).

ing water and energy fluxes arising from processes such as

evaporation, interception and infiltration and modelling the 2.0 Environmental Database

hydrological cycle and chemical processes above and be- Management

low ground. It is the aim of the Data and Software Sys- To improve understanding of coastal zone processes, NERC

tems group in conjunction with the scientists to design has invested over £25M in the LOIS programme (NERC.

and implement software products for the dissemination 1994). LOIS is a multi-disciplinary programme to study

of IH science. Many of these products involve the design the movements of chemicals and then fluxes from the land

and use of databases which are also used to manage IH's into the rivers, out through estuaries and finally to the

own environmental datasets. Much of the fundamental continental shelf and beyond. Information is vital to such a

research behind IH's database designs took place in the programme; the effective collation and manipulation of data

period 1974 to 1990 during which time many of the coin- from a wide variety of sources and subject areas being

mercial GIS packages which are in use today were not one of the keys to attaining the programme's scientific

available or unable to deal with many of the problems pre- objective.

sented by environmental datasets. As commercial GIS pack-
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2.1 Data Requirements for large thematic the Intern detailing the data that they requie. The Data

programmes Centre then processes the data request and retrieves the

In order to manage effectively such a large data operation, data from the database. This process often incurs a deoa

the LOIS programme managers set up a data infrastruc- as data requests may not be serviced immediately. how-

ture. This infrastructure consisted of a Data Steering Com- ever the formulation and execution of the query in the

mittee and five Data Centras responsible for the acquisi- current systen must be performed by Data Centre staff.

tion and distribution of data from and to the researchers. Once the data hae been retrieved they can be supplied to

The Rivers Data Centre. based at IH, is one of the five the user either by E-mail. FTP or the postal system. What

Data Centres and is responsible for acquiring, storing and both the Data Centres and scientists would like is the abil-

distributing river based datasets. It is here that the sys- ity to browse and retrieve data remotely via the Internet

terns described in this paper are being developed. The acquisition of data suffers from similar problems Pres-
andy. data arrive on many different forms of media and in

The diversity of the datasets that the database must ac-

commodate creates a major challenge in terms of data- many different formats. At each stage in the movement
and translation process there are opportunities for data

base design. These datasets include data that vary both in

space and time ranging from river flow, water chemistry. loss. corrupon and delay Advances in databasenetwork-

species distributions, digital elevation data and river net- ingand computer technology are now enabling these proc-
asses to be undertaken on the Internet and this will be

works through to satellite images. It is the collect;ve aim

of the Data Centres to design and implement a unified discussed in the second pan of the paper.

database or environmental information system which is Before such an Internet solution can be designed, a clear

capable of bringing together these diverse datasets within view is required as to how the user can browse such a

one holistic database system. The hope is that by grouping diverse array of datasets. It is a fair assumption that many

all of these datasets within one integrated system, the task users browsing the database will not have a detailed un-

of researchers developing complex environmental models derstanding of either the system or the types of data held

which cross component boundaries will be eased. This within it. It is also likely that support will be minimal and

philosophy is supported by T.J.Browne (1995) who sug- that they will not want to master different methods of

gests that for an information system to be successful it interrogation for each data type. Therefore.it would be an

must be holistic and interdisciplinary in approach. advantage if the user can perceive all data, whatever their

type, to be held in one simple logical structure. Such a
2.3 Data acquisition and dissemination solution has been explored in theWater Information Sys-

Supplying and managing data for such a large thematic pro- ten (WIS) as described below.

gramme presents numerous problems for Data Centre

managers, whose objectives are: 3.0 Environmental Information Systems

To acquire major datasets from within and without NERC To achieve data integration for the LOIS programme the

and make them available to the LOIS community. Rivers Data Centre at IH is using the Water Information

To establish standards for data definition and exchange System (Tindall and Moore 1997; Moore 1997). WIS is an

formats environmental information system which was designed and

To provide data management services for LOIS data. developed at the Institute with the backing of International

To ensure long term security of the LOIS data and their Computers Ltd. Essentially WIS is a conceptually simple

availability to future science projects. data model capable of storing generic types of data (Hill

Traditionally, researchers obtain data from a Data Centre and Bellamn 1996). It is implemented in a Relational Data-

by writing, telephoning, E-mailling or completing a form on base Management System (RDBMS) on top of which sits a
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UNIX based user interface. This provides an interactive perature. Both features and attributes are decided and

eographical front end enabling users to visualise their data. defined by the users and their system and user definitions

The current implementation of WIS requires the data are stored in data dictionares.
model to be implemented in ORACLE and the user minter- All attributes are assumed to be potentially tme variant
face software operates on a Sun workstation running

SunO 4.1 X. B th he hrt~vuare andso eve nl positional attributes m ay form a tm e series. For
SunOSexample. although a land based river monitoring stainare now elderly and present various problems in terms of has a grid reference that is unlikely to change, marine andcontinued hardware and software maintenance. Much has

been learnt since the initial development ofWIS and what
that is constantlymoving.

follows describes both the existing system and the im-

provements currently being implemented. However, the 4.1.2 The WIS Cube

core of the system, the database design, has survived the The description above provides one view of the logical

test of time with only minimal modifications. design of the database. An alternative view of the same

data is to imagine a cube of individual cells, as shown in4.0 Database designfgueI
figure I.

The WIS database design to which the system owes its T
immnsefleibiity isbes decried n to prts fialy The three axes of the cube represent features (whereimmense flexibility, is best described in two parts, firstly

the logical database design and secondly the physical data- observations are made), attributes (what has been ob-

base design. served) and times (when the observations are made). Each

cell contains a value (or values depending on the attribute's

4.1 Logical Database Design data type) of an attribute describing a feature at some
moment in time. For example one cell might contain a I 04.1.1l Conceptual view of the data model
real value representing the rate of flow in the river Thames

The logical database design provides a simple conceptual at Teddington on the 20' May 1997. There are no con-

model which helps users to visualise how their data are straints on the number of features. attrbutes or occasions

stored. It allows the user to record the history of any which can be stored by the cube other than that imposed

object or feature as it moves through space and time by the physical limits of the hardware. Listed below are

(Moore and Tindall. 1992). Descriptions of features and the key properties of the WIS cube:

the events observed at them are recorded in terms of

variables, parameters or determinands. known collectively Any attribute may be observed at any feature;

in WIS as attributes. Thus, to store river water quality A feature may have any number of attributes;

data, an individual monitoring site might be classified as a Any number of values may be recorded for an attribute

feature and the variables which describe or are observed over time at a feature;

at the site, such as its position, the site name, a unique The values may be recorded at fixed or random time in-

reference number, river flow, pH values and so on. would tervals;

be its attributes. Other examples of features could in- The data model does not distinguish between spatial and

dude roads, urban areas, maps. sewage works. licences and temporal data;

satellite images. WIS supports a wide range of spatial and The Cube is infinite in all directions;

non-spatial data types allowing the user to record most The significance of the cube is that it provides a completely

types of attributes. Examples of LOIS attributes could in- generic data independent structure around which to

clude names, reference codes, colours.centre lines, bounda- build equally generic tools for data load, retrieval and

ries. soil types, the concentration of mercury and tem- analysis.

U *n
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WHERE

Time

Mgiure I The WIS lopcal data model The WIS cube

4.2 Physical database design grid data and binary (OLE) objects. Binary objects can be

The WIS cube can be implemented in any RDBMS. The used to store JPEG images or, for example. MicrosoftWord

underlying tables contain three different types of data; documents within a cell of the cube.

DataTables UstTabiles

The data tables share a common basic design and differ The WIS search and select model relies on the concept of

only in that different data types need different columns to lists. A list contains a set of feature identifiers, attribute

hold the values. Each row in a data table contains a value identifiers or date/time ranges which pick out the data

from a cell in the cube. The first three columns of a data required from the cube.

table contain the cube co-ordinates of the value, for ex- For example a 'where' list contains a set of features of 6
ample every value will have a feature ID (FID),an attribute interest A'what' list contains a list of attributes of inter-

ID (DID) and time ID (TID). For simple data types a fourth est A'when' list would contain a subset of the time axis.
est.uAn'whens list ouldecontainatsubstof thettime axis

column holds the value. Thus. the DT-REAL table con- Combinations of what. where and when lists are also pos-

tains real values stored in a column called RVAL Integer sible as in a 'where/when' list. An individual list is created

values are stored in the DTJNTEGER table in a column byconstructing the equivalent of a'where'clause in a Struc- e
called IVAL However, more complicated data types such

c tured Query Language (SQL) query. The range of logical
as points are stored in the DTPOINT table and require

operators, however, is greater an. includes spatial opera-
three columns called XY and Z to represent their values. tors and a facility to exploit parent/child relationships be-
Other data types include names, character data, line data,

tween features. Complex queries are possible by using
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set operators on lists, such as UNION, MINUS and IN- to express requests in a convenient way and then gener-

TERSECTION. Sophisticated facilities for time matching ates the SQL to answer them. The aim behind the API :s

are included that allow for the fact that values relare to to allow the programmer to think of the 'cube' as though

different periods; some referring to an instant, others a it is a 3D array in memory. Assigning and using values in

day and yet others to a month or year For example. a the database will be achieved by simple arithmetic state-

problem in the past has been that rainfall data are attached ments. For example, a programmer could retrieve a value

to rain gauges and river flow data are attached to gauging or update a value using the following statements;

stations. Selecting flow data for occasions when it was value ydatabase.cell(FID.DID.TID)

raining was difficult if not impossible on most systems. The
or

list approach allows the construction of'when' lists of oc- mydatabase.cell(FIDDI, IO) = value

casions when it was raining, which may then be used to

extract flow data. Self evidently, rigorous validation checks for data that might

corrupt the database will be included.
Reference data

Reference data can be divided into; 5.0 Distributing GIS and Data via the

Standard data. Examples of these include units of meas- Internet

urement. methods, periods, statistics, methods, qualifi- 5.1 A changig computing paradigm

ers and validation status codes.
The original purpose of the generic data model was to

Field and structure definitions;
facilitate the exploitation of relationships that span data

These are the definitions of the data types that the system

types and to avoid the need to redesign the system when-
supports. ever a new data type was introduced. However, a generic I 0

Feature type definitions; data model is also an important component in enabling
A feature type is the primary classification of a feature and remote data access to data. The WIS data model and data-

is the only mandatory attribute in theWIS data model. base API as detailed in previous sections is used to formAttribute definitions;
the core of a distributed GIS. As suggested in section 2.3.Attribute definitions comprise both the system and userAttrinutedeformation.Thesei comprisebotht y st f and u both Data Centres and scientists would like the ability to
browse and retrieve data remotely via the Internet. Up

identifying code, name, definition and reference. The
until recently computing technology has not been able to

system data include its datatype (structure), period, allow the development of such systems. However, changes

statistic and intz.nal identifier.
in this situation will soon mean connecting to the InternetMost users are completely unaware of the physical impk - wl ea omna sn h eehnrsligi

mentation of the database. However, application writers.

web browser on virtually every desktop computer. It ena-
programmers and modellers often want to interface di-

bles simple communications between millions of people
rectly with the database at a low level. To make this possi- throughout the word from a common user interface. The

ble an object orientated database Application Program- software which will operate on these browsers could be

ming Interface (API) is being designed and is currently be- written in the Java programming language (Sun

ing implemented for the latest version of the data model. Microsystems. 1997). java was designed to provide a plat-

The database API will provide the main access route to form and operating system independent programming en-

the database at a programming level. It has two roles: to vironment. Although Java is relatively immature !n terms

make access easy and to protect the database from cor- of computer languages, it pro~ides some fundamental ad-
ruption. Generic data models are nearly always more dif-

vantages over its rivals whic
1' can be summarised as fol-

ficult to query than specific ones. The API allows the user

lows;

. •~ .1Iv•. •II3.
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Applications or applefs may be writmen once and executed the user indicates that they would like to browse the da-

on any platiorm, rducing development costs. abase. The Web servr deals with this request by sending

Applications or applets may be downloaded on demand the appropriate Java applet to the client machine which

from a centrally administered server loads and runs the applet in memory. For a LOIS scientist,

Java provides the advantages associated with object oren- the applet might enable the user to formulate questions

tated languages. to the database. The questions are first sent to the Web

Java has been designed for communication across the server where the Java applet makes a database API call.

Internet therefore security issues have been properly The database API calls manage the connection, the formu-

addressed. lation and execution of any user queries. Internally the

Java removes the programmer from the complexity of databaseAPI calls produce SQL queries which execute on

pointers and memory management found in languages the database server. Any result produced by an API call is

such as C/C++. then sent back to the user in either textual, data orgraphical

In many cases the actual Java language itself is not the most form or as a direct data input stream for a Java applet

important development but rather the introduction of the already running on the client machine. As far as the user is

Java Virtual Machine UVM). Java computing operates in a concerned, any connections are established directly be-

client/server environment where applets are dynamically tween the user and the database server as indicated by

downloaded on demand from a server, the loop drawn of figure 2. However, communication be-

Figure 2 illustrates how this computing paradigm can pro- tween the user and the database is managed transparently

vide a solution for distributing the means of querying a by the Web server which supplies Java Applets or Web

database and subsequently viewing and retrieving data. This pages on demand.

methodology can of course be used for the reverse proc- Java applets can be as simple or a sophisticated as desired.

ess of submitting data to Data Centres. Imagine the fol- For the LOIS programme it is hoped that they will enable

lowing situation; a user goes to his client terminal, it could the users to query the database with the aid of simple

be a PC. Unix Workstation or Network computer, and maps and have any results presented as reports or graphs.

connects to the Data Centre Web page. From this page The results of queries should also be available as a simple

pIl wprotya"pe.htni

Jav Aplet =CGI generates ,

324 ePapsulated in

Client Server
Web pageIJlva Apple

Figure 2. Distributing GIS and Data Using the Internet and Java.
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export file that can them be imported, for example, into a before releasing any system to the public.

spreadsheet for analysis. The Java applecs would provide

the basic GIS functions such as pan, zoom, scale and re- 6.0 Conclusions

projections. More complex GIS functionality such a river TheVWIS data model described in this paper has illustrated

climbing and catchment boundary derivation could be that it is possible to combine many diverse spatial and tem-

coded in Java or Common Gateway Interface scripts de- poral datasets within one physical database and thus facili-

pending on the processing requirements. However.access tate the exploration of relationships that span different

by this means is currently only feasible if the number of data types. However, what is now required is an API that

different database systems that must be queried can be allows modellers to interact easily with the database. To

kept to a sensible minimum, ideally one. Hence. the desire achieve this an object orientated approach is being adopted

for a single all purpose data model, that represents the data as composing of three object types,

a database, dataset and cube cells. The data values are the
5.2 Advantages and disadvantages of properties of these objects and associated methods allow

distributing 31S and data their manipulation.

Distributing GIS, - pability and data has many advantages

for both the user and the Data Centres. Obvious benefits The paper has attempted to provide an insight into the

for the user include a common single interface to a large future developments of environmental information systems

comprehensive data source. Users would also have the and the way in which the Internet will influence the design

ability to express spatial and time series queries from a of such systems. Java and other associated Internet tech-

map based user interface and be presented with the o- nologies have provided system developers with a rich set

tion of downloading the results for further analysis. of tools and protocols for developing distributed systems.

However, the success of Java may not be entirely due to

Java operates in a client/server environment enabling sys- the language itself but the introduction of the JVM. There

tem developers to determine where processing is under- have, however, been suggestions from a leading hardware

taken. For example, Data Centres do not want the com- vendor of developing a Universal Virtual Machine which

puting overhead of executing and maintaining the display would be capable of producing byte code from any of the

of the clients user interface. Java allows the applet to be main stream computing languages such a C/C++ orVisual

downloaded onto the client machine and executed on their Basic. Should this come about then the need for Java could

local processor. The only processing carried out by the evaporate

Data Centre is the preparation and execution of the us-

er's query. Distributing simple GIS capabilities via the Internet has

many advantages for users and Data Centres. Firstly. the
Java is a relatively young language and many of the tech- task of browsing and retrieving data from the database

niques described in this paper have yet to be tested. Much becomes the responsibility of the user. Users may also

of the Java work, is however, in the initial stages of design download the results of their queries at their convenience,

and prototyping. Problems have occurred when attempt- for further analysis. By moving the onus for browsing and

ing to establish large data stream connections with re- retrieving data onto the user, Data Centres then become

mote database servers. Many scientists have expressed free to investigate other problems such as quality control,

concerns about the security of their intellectual property quality assurance, security and visualisation techniques.

rights with regards to their datasets. Java does have a

security model which has been designed for Internet use. 7.0 References
However it is still unknown exactly how secure this model Browne, .. (1995) The Role of Geographical Informs-

is and comprehensive tests will need to be undertaken non Systems in Hydrology. Sediment andWater Quolity
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Abstract 1. Introduction

We describe the process of using existing database Middleware spatial tools provide two broad areas of inte-

middleware tools for deployment of geographic informa- gration:

tion systems across the enterprise.We will investigate the They allow spatial data to be directly stored in the rela-

impacts on system design, including how the relational tional database.

model can be simplified by incorporating implicit geographic

relationships. We will also discuss how the multi-tiered They provide a layer for query on this spatial information.

environment impacts on deployment Integration of the middleware components is as either:

Data integration and sharing using SpatialWare will be in- part of the server architecture, as with Informix datablades;

vestigated showing how it allows one to manage spatial or a separate process where the server has no knowledge

and business information in a single database. This allows about the spatial server. Middleware layers can be held

for widespread sharing of data while eliminating much of physically on the server or run on a separate server.

the expense associated with data duplication and local stor- Spatialware is a middleware layer which can store its data

age of data.We will discuss how data integration is trans- directly in Oracle or Informix. This builds on the core

forming spatial information systems, allowing existing IT functionality of the server, thus allowing normal data man-

infrastructures to manage their geographic data. agement principals to be applied across both spatial and

We will describe how by conducting much of the spatial non-spatial data.

analysis on the server, SpatialWare delivers more efficient Distribution across the enterprise may entail multiple spa-

and productive processing of spatial queries, t will be shown tial servers, which distributes the processing load, giving

how a spatial server provides distributed processing of true scalability and deployment across the whole enter-

spatial queries using a standard relational database as the prise.Traditional database clients can continue to have ac-

repository for the data. In addition we will discuss how cess to the database server in parallel with the spatial us-

this results in reduced network traffic, improved response ers. while end users applications can be spatially enabled

time and thin spatially enabled clients, when compared to to provide spatial query in a thin client situation. Multi-

traditional GIS. tiered distribution of spatial information servers allows

H7 7 II711 ,,I iV 1 [ Il F F1 I I'7f I7 I[7 I
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load distribution across th enterprse to provide rapid 2. Important Issues on !he Use of
respon to spatal queries. Middleware to Provide GIS Based on

-~ ~ ~ ~Relational DatabasesThe first part of this paper will explore important issues Rltoa aaae

rgarding the use of middleware to provide GIS solutions 2.1. Impacts on System Design

based on relational databases. We will consider impacts lmpnit ratonshps between spatial entites result in vastly

on system design, including how the relational model can fewer expliit relational joins being necessary For exam-

be simplified by incorporating implicit geographic relation- pie, in modelling road centrelines, parcel boundaries are

ships. The issue of data integrataon will then be addressed, implicitly connected to the road. Thus, if a new road is

followed by a description of how middleware can assist in constructed, then the relationship between the road and

providing a thin client the parcel does not have to be explicitly stored in the

A description will be given of how SQL has been extended database. While this simplifies the system design, it also

with spatial functions and predicates that let users per- creates implicit business rules. As these rules are not al-

form all the typical spatial data modelling and analysis ca- ways obvious. careful consideration is needed in defining

pabilities required by GIS systems. the data to ensure correct application. One example of a

non intuitive interaction between seemingly unrelated fea-We will then examine how the extended SQL that
tures is the interaction between address and parks. If ad-

SpatialWare uses is open, with published standards for in- dress were dynamically segmented along roads then parks

terfaces. data storage and operations, in particular the May would be considered as breaks in address, thus the ad-

1996, SQUMukhnedia and Applconon Packages (SQL/MM) dress segmentation and park feature are related. As the

standards for spatial data handling. This means that users relationship between park and address is implicit, the seg-

can access and manipulate mapping information using the mentation algorithm will need to take into account the I

common programming language used throughout the da-

tabase world. Following this, we will discuss how this

standard provides for abstract data types to collect point, The following modelling techniques have proven to be use-

line and polygon geometric primitives into instances of a ful in defining geographic entities that follow the correct

spatial object. In addition, we will outline how SQL/MM behaviour and simplify business rules:

has been implemented. defining the abstract data type. Abstraction to hlayes of Interaction: In a traditional

The second part of this paper investigates the importance GIS, features tend to be represented in functional lay-

of data in spatial data warehouses, with considerations of ers, such as a roads layer. As the database provides

integrity and managernentWe will discuss the implications views of the data, one further layer of abstraction from

of business rules including topological constraints, and will a functional feature to an interactive feature allows

show how organisations can use spatial business rules, business rules to be defined for super classes. Con-

without mapping components, to improve analytical and sider the dynamic segmentation model for represen-

operational parameters. tation of linear data along a road. One level of abstrac-

tion allows all segmented data to be stored in the same
We will conclude that data and data management is the entity with subclasses defining attributes and the ab-

most important component of spatial systems.Traditional stract class defining the segmentation. Hence, the in-

IT infrastructures will use new middleware tools for geo- teraction between segmentation data and the actual

graphic data management in relational databases. linear features is abstracted and business rules are sim-

plified.This abstraction can also be called grouping of

interactive features.
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SelparaIon of non khteracgtle feawtUre Inclusion of The extension of the sinle databas to giv widespread

non interactive features with the same functional class sharing of corporate data can lever off the existing IT in-

should be avoided. For example, definition of parks and frastructure allowing enterprise wide access to the spatial

parcels should be in non-interactive layers. Often parks data while avoiding duplication of data and local storage

may be exactly defined by parcel boundares, however issues.

there are many cases where the physcal park bound-

ary differs from the legal definition of the boundary 2 .3. Thin Clients

By modelling the park in a separate non interactive Middleware layers provide powerful spatial query results,

layer, dynamic queries may be used to extract the par- passing only the results to the client. Spatial query servers

cel definition of a park without losing the physical like SpatiaiWare use spatial indexes to optimise the que-

boundary definition. ries and minimise the impact on the server, while never

Apply spatial checks to spatial enddes: Often busi- downloading the spatial data to a separate spaial reposi-

ness rules need to involve interactive checking proc- tory. Thene spatial indexes provide implicit relato, .ships

esses. Again. consider the relationship between parks between spatial objects which can be used as joins and

and addresses. Sometimes a park may have been allo- filters to produce sophisticated implicit analysis of the data.

cated an address. or part of a park may have been allo- There are two broad groups of clients for spatial informa-

cated an address. These rules relate to the physical tion servers, non graphical and graphical.

position of the park, as a building on the park may have

an address. Definable business rules between parks 2.3.1. Non-graphical

addresses needs to involve human intervention and Non graphical user interfaces can apply spatial business

checking to allow fur these unusual exceptions. rules to analysis of data. These interfaces typically view

small sections of the data, often one record, where this
2.2. Data Integration small piece of data may be the result of a complex spatial

Data integration is transforming spatial information sys. query. Spatial query servers execute the query and pass

tems, allowing existing IT infrastructures to manage their only the result back to the client. Minimal network band-

geographic data. Traditional spatial information required width is required for this type of client.

specialised knowledge of the proprietary system to ex-

ecute day to day data management activities. By spatially 2.3.2. Graphical

enabling traditional databases, the existing business infor- Graphical users view much larger sections of the data at a

mation systems can be built on to give additional spatial time. While the spatial queries are still processed server

storage.This extends the traditional data warehouse al- side, client side handles considerable large data through-

lowing database administrators to view spatial data as just put. Cartographic design can often be used to reduce the

another database and as such requires no special skills to amount of network bandwidth needed to draw the map.

manage the data. These type of users represent a significant risk in terms of

Within the corporate sector, there is considerable resist- network bandwidth and server load.

ance by information technology managers to additional When designing the clients it is important to manage the

data repositories outside of their existing infrastructure, data requirements for map redraw.Vector based distribu-

Data integration main-streams the concept of spatial data tion of maps have a variable and possibly high data volume

management, and implies buy in from IT managers who requirement. In the worst case, it is possible for a user to

are resistant to the high risks involved in relying on spe- request all spatial information in the database to redraw

cialised skills to manage part of the data repository, one map.
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Raster based distribution of maps across the corporation object can be a point. line or polygon.

provide a manageabl. medium where the network load Contalm* Is used to dtermine whether the selected

is definable and related to the num'ber of users.These raste object completely contains another selected object.

images can be giveni much of the function of a vector map Containied by: is used to determine whether the selected

by using spatial queries to drill down as the use interacts object is completely contained by another selected

with the system.These raster maps can be generated dy- object
namnically in a separate middleware leye to provide on- AdJacent Is used to determine whether the selected

terprise-wide thin client with both spatial queries and object shares any points with another selected object

mappis - functiors.This differs considerably from traditional At atsm of Is used to determine whether the start point
GIS solutions which typically use vector map redraw and of a line is touching a selected object at just that point.

often require large local storage or high network band- At end of. Is used to determine whether the end point of

width. a line is touching a selected object at just that point.

Connected to: Is used to determine whether the start
2.4. Spatial Extensions to Structured Query or end points of a line are touching a selected object
Language (SQL) at one of the start or end points.
Spatially extended SQL provides an accepted interface to The following functions are included in spatial SQL
spatial data query. Organisations can extend their existing

appk--ti lto provide spatial query by using standlaid SQL Adfaent: Returns the common points of the twoinu

result sets via commercial tools such as Visual Basic, Del-. objects. The following examples. drawn from

phi. Powerfluilder, or C++. This middleware enabling po- SpatialWare help, detail how adjacency is utilised:

ess gains industry credibility with the establishment of SQL. Two points have an adjacency if they have the same coor-

standards relating to satial Weydinates (which means they are identical), or are within
the database tolerance of each other..

The major extensions to the SQL stanidard, as de~ne by
CASE1 CASE 2 CASE 3 CASE 4

Spatialware. include: A (De A 0 B AO00B OA 50

A spatial data type for storing spatial data
wUkaCe luxe aae

Additional SQL operators and predicates for manipulating PoM~A M PelMa A W4 Pose A arA N WeFcY.

spatial data CIL a~me i w atiens. M MOMM
tM oaent. .~n .*i .aSL

An object-oriented operator for sub-classing and inherit- OU" W A UP :Wd Ol8 AuV ao NULL
aSA. PaWSA. PoW A

ance

An extended transaction model that includes transactions Two polyines have an adjacency if they share any line seg-

inving spatial data ment, or inte rsect at any point(s).

~S1 ~ 2 AS3 CASE 4

Additional data dictionary functionality to maintain the A A 0A4
information required for projects, thematic displa* trans- 0 E CE

formations, and accuracy folwn spta 410 / f

SOL is extended to include the flnigsaalpredi- D o D 4

lIt. AB MWd Lft. AB AMo LWoe AS ard LMSe ADMWAmo
CID are aiient CD we x~eot. CD me A~ent EFG we a4

Overhape: Is used to determine whether the selected Ov 0t k" pe a o ~~cat.
"V M.O~ 9C. paoor C. 000tt aU INht

object overlaps another selected object, where and Msatmt EC

LJý]Hf iý LI !I Li I'
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Two Polygons are adjacent if their boundaries share any GeoMMbY-unlo: Returns the geometric union of the

line segment. or their boundaries intersect at any -e specifed objects.

point(s). Length: Returns the length of the selected object.

CASE1 CSE 2 CAS 3 QW 4 Slope. Returns the slope of the selected object.

$WLe 1I W~ A "rae I A I~ Aree Returns the are of the selected object.
A Pera mete: Returns the perimeter of the selected ob-

Fh G jct
-~~ leite:Returns the skeleton of the specified object

ai~e 2 Ce 2~ F The following example displays the use of spatial SQL mna

Sw~o. I MW2 Swktes 1I a2 9A*" IWA Seft. 1ad2 Wueiry

UKt select parceL~owner,

wwue powi M epOMet AB. pwin A .i PM1; A. B, C. aree*overlapbufrroad.sw-jeometry. 100. 1),
po" B.t D E.t.F u1

____Ire_______ F___"_ parcel.-sweomwty))

from road, parcel

A point and a polyline are adjacent if they intersect at any where buffier(road.gleometry. 33. 1) overlaps

point. and a point and a polygo are adjacent if the parcel-geometry

point intersects the polygon's boundary (or vice versa) wWi road.status = b6rined':

at any point This selects the are of road buffered to lO01m overlapped

CASE1 CAE 2with the specified parcels, where a 33m buffer of the

A ~road overlaps the specified parcels.

a The extended SQL defined in this section conforms to

A ~~~~the May 1996, SQUuftinsedia ondApphcvin %&cAges (SQIJ

a NO tI~lMM) standards for spatial data handuisgt The next section

D will discuss a specific Spatialware implementation of SQL.

MM for utilisation on an Oracle database.
PoitE t mi pout Ponit A mid pomt
G an ut Dwe ajacmit a

ID beAM 101e1 2.5. Spatialware Implementation of SQL
Mid Pot G. p*0A.M MM for Oracle

Minimum Enclosing Rectangl (HER): Return th provide a middleware layer for spatiall enabling Oracle

smallest rectangle that can contain th umte b databases. Currently. this interface has been impletmented

iect on Oracle and is soon to be extended to Informix

&u~or-. Returns an object which encloses the specifedi datablades.We will discuss the Oracle implementation.

object by the defined buffer distance. Within the Oracle database. Spatialware adds two columns

Cen trol Returns the point which is the centroid of the to each table to be spatially enabled. These two columns

specified object are named SWMEMBER and SW-GEOMETRY. The
Oiveolapt Returns an object corresponding to di inter SWMEMBER column is of t"p 4 byte integer and is used

section of the two specified objects. by the spatial indexing. SW-GEOMETRY is of type long

Contai: From two submitted objects, the first object is raw and holds a blob representation of the spatial object.

returned if it is completely contained by the second As Oracle is limited to one long raw per table only one

object. spatial object can be added per tuple. This limfitationi can
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be overcome by using separate tables to store alternaive the order specified by the FROM clause, but perorm-

spatial views. Thes two columns together represent the ance is improved because, for every fleaturlrecord in

STpatialObject container that holds the following gao- class C 1, only the record with those features in C2

metric primitives: po•its, polylines. circular arcs and poly- that satidy the i= predicate is joined - in this case.

gons with or without hole. In addition, and invisible to the only those features that overlap the feature of C 1.

non DBA user. are tables that hold the spatial dam diction. By eliminating records from the inner plan through the

airy use of a loin predicate, performance is improved be-

The satl index tables provide the bckbone needed to cause fewer records need to be handled in total, i.e..

ei y execute spatial querie whikle m g theload rather than comparing every record in the first data

on the Oracle servrThe e~lpce of dho solution is shown set with every record in the second.only those records
from the second data set which satisfy the jon predi-

when considering the implica•tons for consistency and se-

curity of the data, Saiaaware uses the existing Oracle cat* are joined.

security defined for the table, hence. users' access rights 3. Significance of Data in Spatial Data

to the spatial data and business data will match. Warehouses

The spatial query performance under load matches the Spatially enabled databases extend the scope of the exist-

Oracle performance, so the SpatialWare midileware layer ing corporate database enormously. Current business in-

builds on the scalability of Oracle. Furthermore, separa- formation can be spatially enabled to add real value. In

tion of the middleware layer onto a distributed server ac- addition, other data sets are implicitly spatially related.which

cesses the Oracle server without competing for compu- extends te sope of the database enormously providing

ter resource, analysis between data sets which are seemingly unrelated

(until the spatial characteristics are considered).This con- *
2.5.). Query Optimization in SpatialWare sideraton diers markedly from t traditional data match-

SpatialWare for Oracle does its own query parsing which ing requirements of databases where all data needs to be

manages RTree and all other issues relating to the data- modelled and integrated.

base.The SW Optimizer calculates the most efficient ac- Consider the addition of statistics New Zealand meshblock

cess path, .n essence deciding on the how queries are passed datm In a relational database, each of the entities that

through to Oracle. If a query is non spatial.then it is passed need to have a relationship represented will need to have

directly to oracle, while spatial queries are resolved in a a data matching process. fOll~wed by alteration of the en-
number of steps: if the query involves a join then a greedy tity to contain the meshblock relationshipLWlthin a spatial

join algorithm is used where the right hand side is vi d data model, this relationship is implicit in the data, hence,

once for each object on the left hand side, all spatial entities are implicitly related. Correspondingy a

2.5.2. Example of Query Optimization for spatially enabled database needs to be focused on adding

Spatialware spatial datasets of relevance to the business.

The following example has been taken from the 3.1. lbpological Constraints and Business

SpatiaiWare help documenation. Rules

SELECT C1.*,C2.* FROM C IC2WHERE C I.GEOMETRY Business rules in a relational database are strict and de- S
OVERLAPS C2.GEOMETRY; fined. and are generally managed dynamically as the data is

This query also joins all the attributes of class C I with the altered.Within a spatially enabled database, these business

attributes of class C2 However. in this cae, there is a rules are difficult to manage dynamically. Consider the re-

"spatial join predicate". The classes are still joined in lationship between mesbblock and location. If a new set
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of meshblock boundary tables are input. the boundaries nonal r•sourcing requirerents were allocated in real time

may have moved sigW d, and clients' meshblock may then the relational model would only state who was doing

have alteredlEffectivel. this is altering the relationship with the work. If inefficiendy allocated resource enforced poor

none of the relational referential consideraions. An ex- trael time decisions, then these decisions would be hid-

ample business rule could be a checking process to verify den resulting in increased operational resourcing. Alter-

whether all clients are in the same meshblock as previ- naively a spatial operational system would show demand

ously definedand producing an exception report that needs location; contain more information relating to travel time;

to be manually verified, provide the implicit relationship between station and re-

CritchfowAssociates Limited hav recently undergone this source requirement: and would produce improved opera-

exact process with the introduction of the 199% census tional parameters by avling pr-supposed bue mod-

meshblocks. which differ in location to the 1991 census as elling.

the boundaries have been refined to more closely match 4. Conclusion

road centrelines.
Data and data management is the most important compo-

3.2. Querying Without Mapping nent of spatial systems. Much of the traditional resistance

Components, to Improve Analytical and to spatial information systems has resulted from the pro-

Operational Parameters prietary data storage mediums and the need for specialist

Spatially enabled entities are implicitly related to all other skills to manage spatial data. Spatial middleware layers re-

entities in the same world. Consider a simple database of move this necessity allowing traditional data warehouses

spatial entities with no explicit relationships. All entities to store and manage spatial information using relational

are related implicitly and much significant business infor- database technology. *
mation can be determined.A more specific example is the In addition to the ability to store the data, middleware

relationship between reported crimes and their police sta- layers enable spatial queries across the enterprise. Efficient

dions. These crime records are explicitly related to the businesses will use these queries to build spatial business

station by the dispatch location. However, they are implic- models that allow greater efficiency.This efficiency comes

itly related to their station by location.A resourcing study at a significant innovation cost as many of the implications

of stations would be biased towards the statons with higher of spatial business are not obvious.

police resource showing how many incidents were acted

on, while the spatial analysis would give a different picture 5. References
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Abstract extending an existing GIS (Hartmann, 1992), or building

A collection of geographic data from a particular region specific tools (Haslett et al. 1991 ), we have chosen to

contains many explicit and implicit relationships. The data exploit existing visualisation environments, specifically IRIS

will typically have been gathered according to different Explorer and VRML-2 (ISO IEC. 1997). The reasons for

models of geographic space (Goodchild, 1992). Further- this are that GIS have quite restricted graphical capabili-

more, low level data is often synthesised into higher level ties, which are usually difficult or impossible to customise.

objects to which more meaning is ascribed (semantic ab- By contrast, current visualisation systems can support our

straction). This paper addresses the problems of explor- needs well, albeit with some problems importing data.

ing such interconnections between data using state-of-the- The aim of exploratory visualisation is not to analyse the

art visualisation techniques and is based on the premise data per se, but rather to present the data to the user in a

that visual exploratory data analysis is a useful tool for way that promotes the discovery of inherent structure

providing insight into the :omplex and subtle relationships and relationships. In psychometric colloquialism this is

that occur in geography (Tang, 1992,Gahegan, 1996). Re- known as inducing visual'pop out' (Csinger, 1992). Thus, a

sutts are givei , the form of images (in the paper),VRML collaborative mode of interaction is developed between

scenes and video clips (which may be downloaded from the user and the machine, where the visualisation environ-

the web). The tools and techniques described extend ment produces a stimulus which is then interpreted by the

beyond what can be currently achieved in commercial GIS user, enabling full advantage to be taken of the abilities of

in terms of (i) the flexibility of scene description, (ii) the humans to perceive complex structural relationships.

volume of data (particularly the number of layers viewable

concurrently), (iii) the amount of interaction available to The purpose of this paper is to concentrate on some spe-

the user and (iv) the facilities with which to study relation- cific techniques for studying relationships between layers

ships. of data. A justification for these techniques is given first,

drawn from the relevant psychometric literature. Some

1. Introduction examples of their use are then presented and discussed.

Currently available GIS are poorly equipped to visualise 1.1 The State of the Art in Exploratory

the complexity and volume of data that is routinely used Visual Analysis

in spatial analysis and modelling; this is rather ir-onicgiven The use of virtual reality and visualisation tools to study

that the display of data is a primary function. Instead of
interaction within and between datasets is a relatively new
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idea (H-narnshaw A Unwin, 1994). Most of the research tattoo, caused by tti necessity to separat dam into dd-

conducted to date is as yet only qualitative in nature, due ferew laysesto avoid over-cluttervi in any one byer. Whenu

to hree ditinct problems: many layers of daa are required. as is common wih ai
composition. then the user's focus of atentin must 'shaft'

I. The difficulty in defining the psychometric principles

that a'good' ,suaaon follow between layers in order to assess ther iter o

(to'see' pattern or structure). Attention shifting is unde-2. The diffculty vi constructin visualisaion envronments

which use thie psychometric principles w good ef- sirable; it leads to a weakening of the overall stimulus (Ber-

fat tin, 1981) at any given point in space, since it is divided

3. The difficulty in me ing quanively whether a amongst n layers. In a cognitive sense it is therefore true

specific visualisation follows these principles and vah- tosay tht "the wkk is reater dwn the sum ofthe pan".

dating the techniques using human subjects. A mechanism is requir establish links between layers

Bertin ( 191 ), Mackinlay (1966) and RPhaingans & Landreth of data. To be useful for exploratory analysis this mecha-

(1995) address the first of these problems, providing use- nism must facilitate perception of the structural and

ful guidelines from the science of visual perception. Upson positional relationships between specific regions in the data.

( 1991) gives a useful introductory account of the vsualisa- The solution adopted here is the use of'interactors'- graphi-

tion system design process Freidell et aL (1992) and Duclos cal icons that emphasise positional information. A number

& Grave (1993) show how such an approach may be auto- of different geographical interactotn are used to communi-

mated using rules and grammars. O'Brien et al. (1995) cate a variety of types of relationships between data lay-

and Gahegan & O'Brien (1997) describe such a rule base, ers. Types of interaction include the projection of objects,

designed around the needs of geographic datasets. Jung pixels, lines and points between data layers to describe

(1994) goes on to show how effectiveness criteria might processes such as interpolation, object extraction, classifi-

be applied to an automatically produced visualisation, to cation, edge detection and so forth. A library of interactors

evaluate its usefulness. However, most of the work in this has been implemented by creating modules within the IRIS

field to date addresses the first two points; it is perhaps as Explorer environment. Figure I shows an example screen

yet too early to address the third, shot (from Explorer) showing the specification of an ob-

ject (polygon) interactor describing a geological region.
The visualisation paradigms adopted here are those of axis

and mark cmosftn (Senay & Ignatius, 1991; 1994) where This paper principally describes one class of interactor,

a number of spatially referenced datasets are represented used to examine relationships between datasets, particu-

using a (usually smaller) number of concurrent surfaces lady between higher objects and the data from which they

and layers of symbols or icons (Gahegan, 1996). The idea were made. Two specific approaches have been investi-

is to provide a spatially compact 'stimulus space' within gated, both of which involve the use of animation to com-

which visualisations may be constructed. The'natural world' municate interaction. Animation techniques provide a

paradigm suggested by Robertson (1990) is utilised where powerful and visually effective means of studying the rela-

possible so that the scenes have the look of a conven- tionships between higher objects and their defining data

tional landscape. This has been shown to work well with (Keller & Keller, 1993). Movement has been shown to

the human visual system, which is highly optimised to in- have a high visual impact, and its detection in humans uses

terpret the various 'landscape metaphors' (Rheingans & significantly different neural pathways (Livingstone & Hubel,

Landreth, 1995). 1988) to the perception of'retinal' variables; namely shape,

value (saturation) size, texture, orientation, and colour

1.2 The Use of Interactors (Mackinlay, 1986). Animation is therefore highly comple-

By themselves, these paradigms have some cognitive liri- mentary to techniques based around shape, colour and
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position. Rex & Risch (1996) describe a query language 2.1.2 Layer Transposition Animation

for the animation of geographic data. The second method animates the layers themselves, so

that one layer may be moved' through another by simple

2. Styles of interactors transposition along the Z axis. This moving layer actually

Two distinct methods for supporting interaction are de- becomes a complex interactor. At least one of the layers

scribed. Examples and discussion are given in Section 3. (although possibly both) must be in the form of a surface.

otherwise they will not intersect gradually. It is the inter-

2.1.1 I nteractor Animation action of those variables used to provide the'relief' that is

The first method involves using a set of defined interactor most strongly emphasised. The careful assignment of at-

tools (such as shown in Figure I), which provide a visual tributes with which to construct and colour the surfaces

link from one layer of data to another. The appearance of is necessary for this technique to be effective.

the interactor is animated in one of two possible ways.

using either transparency or projection. In the former the 2.2 Performance

interactor 'fades' in and out between two extremes (usu- Both methods are computationally intensive. In a fully ren-

ally fully solid to fully transparent). The user is left with a dered environment, as is provided by visualisation systems

'visual imprint' but may also see all of the obscured data in such as Iris Explorer, the scenes themselves can require

a clear way at some point in the cycle. In the latter, the substantial computing resources. Each visual parameter O

interactor is projected from one layer to another in small (x, y, z, redness, greenness, blueness and transparency as a

discrete steps, again with the aim of inducing'pop out' as a minimum) use floating point precision. Coupled with the

link between data is established, relatively large size of geographic datasets this makes con-

II I p 9 I (
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sideal demands on both the rendering speed and the move objects and change their visual appearance.

amount of memory required. Although complex or large An acoprc yin web s keeshcutpJ ~ur~un.edaui/is/
scenes may be rendered, any interaction with the scen visualisaiongoomp.hitrnl has been set up for this paper
will usually involve a good deal of'swapping,. and conse- Here. the figures used are viewable as high (and low) reso-

quently will appear slow or'steppy'. It becomes necessary lution colour ýmages. 'he site also contains VRML scenes

to either restrict the extents of the data (windowing) or and video clips that may be downloaded and viewed frmm
reduce the spatial resolution (sampling,). On top of this wti ev*i oeitrciemne
considerable demand we now require smooth animation

of a single object (the interactor). Where performance is 3. 1.1 Discussion of Interactor A nimation
inadequate, we must resort to constructing a video sk Animated interactors have proven useful for studying cause
quence off-line (a task that is easily automiated) and then and effect relationrhips between different data layers to
viewing this in real time. address questions .uch as:- 'What evidence is there to sup-

3. Reultsand iscusionport a particular (hypothesised) structure in the data?" o.-

3. Reultsand iscusionconversely."l-ow does a particular (known) structure appear

Some example results demonstrating the use of both tyes in the data7 ' Both of these questions refer to the dire-tioa
of interaction are given below. It should be noted, how- of the interaction, being either from or to primary data. As

ever. that the printed page is woefully inadequate for rep- a practical example. Figure 2 shows an int..,actor describ-
resenting an animated scene which is. by contrast, fully ing the extent of a salt scald (outbreak of surface salination)
interactive (not to mention in colour); allowing the user used between three data layers.
to explore the data from anry viewpoint, to animate and

The lowest layer shows the source data from LsndsatTM

Figue 2 Thr~e yers of data describing an agricultural re~gion (See r .t for dtails).Asm-
transparent intci'actor shows the location of a salt scald in all three layers.

338 Proceedingzs nfGeoCoinputitaon '97 & S!RC '97
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as a false colour image fragment, the middle layer is a often carried out by geo-physicists (but using more tradi-

landcover theme produced from the Landsat image by clas- tional techniques) in order to try to model the likely geo-

sification and the top layer contains some geographic ob- logical structure of a region.

jects known from ground truth. In this case, the salt scald Movie clips on the web site provide three animated exam-

represents a'known' sucture whose manifestation in the pies using the same data as Figure 2. Each example shows

imagery is to be studied, a different type of animation of an interactor which repre-

If the salt scald is known then the interactor shows how sents the salt scald, using (i) transparency, (ii) projection

the scald is manifested in the thematic and image domain, and (iii) transparency and projection together. 0

If it is hypothesised then the interactor allows the user to Interactors have two major disadvantages. Firstly. they add

visually study its appropriateness or plausibility. visual clutter to the scene, causing a good deal of

Figure 3 shows a geological unit (the interactor) projected obscuration if not used carefully. Secondly, their geometry

through a surface which represents magnetic anomalies, must be 'defined' beforehand.

In this case, the geological unit is not known but is hypo The result of showing all interacors at once is to obscure

esised. The aim is to study the plausibility of the unit by all of the underlying data. To counter the cluttering, a

visually inspecting the scene to see if the magnetics sur- mechanism is needeu o establish the current focus of at-

face contains evidence to support it. This type of task is tention in the scene, so that only certain interactors are

Figure 3. An iteractor describing a hypiothesised geological unit is projected onto a

magnetics surface.

Proceedings of GeoComputation '97 &SIRC '97 339
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shown. and others arm removed. Obvious this mecha- This example raises a related issue: once the capacity to

nsm must rect to changes in the focus of otientitn. The generate complex and artificial scenes is provided, it may

specification for VRML-2 provides a mechanism whereby be difficult for usts to orient themselves within an una-

focus of attention can be supported interactivel, by means miliar 'space'. Experilence to dae has shown that some

of'hot objects'; these can generate messages according to types of user may find this difficult. whilst others find it

their proximity to the pointing device within the scene. It quite intuitive. It is a major premise of this style of inter-

is possible to project interactors only from objects that action that the human visual system can 'orthogonalise'

are currently'hot', as Figure 3 shows. the various channels that together make up the stimulus

space (Senay & Ignatious, 1994; Pheingans & Landreth, 1995).
Put more simply, humans can learn to differentiate between

by a simple geometry, and it is this geometry that is then the way variables are assigned to visual attributes.

'projected into the Z domain. In many cases, the interactor

represents a'known' structure, such as a paddock bound- Animating entire layers can cause much data to be ob-

ary. In this case, its structure is explicit or implicit in the scured, so choosing the 'best' variables to assign to the Z

data (depending on whether a vector or a raster data struc- dimension is paramount. This will obviously depend on

ture is employed). The interactors used in the VRML ex- the task at hand, so demands guidance in the form of ei-

ample on the web site are automatically derived from a ther a high degree of user interaction or an expert system

geological dataset in (Idrisi) image format. (Gahegan & O'Brien. 1997). Transparency may be used so

that'obscured' data is partially visible, but colour and shape

3.1.2 Discussion of Layer T)ransposition information become weaker as a result and are conse-

Animation quently more difficult for the user to evaluate.

Figure 4 shows instead the animation of the layers them- As final examples. Figure 5 shows an isolated magnetic

selves, and requires a detailed explanation. Two surfaces

have been constructed, the upper surface is a Digital El- anomaly (a geo-physical data source) for which magnetic

evation Model (DEM) on top of which three channels of intensity is doubly-encoded using height and colour, an

Landsat TM data have been draped (using a false colour eple of mdundant assignment to add emphasis (Bertin,

198 1). The magnetics layer is passed through a SPOT pan-assignment). The lower- surface is more artificial and rep-

resents a wetness -greenness composite. Vertical offset is chromatic image of the surface to allow a study of the

relationship between the anomaly and surface appearance.
aivenby sracewater bacc fumulat nd mtod r applvided t ro m theIn this example, transparency is also used (on the SPOT

data) so that the magnetics data is always partly visible.
coloured on a scale of green to blue, where blue repre-

sents the highest values (the "wettest"). The image in Fig-

ure 4 shows a single frame from the sequence as the lower face structure.

surface is passed through the upper surface (the fUl ani- 4. Conclusions, Ongoing and Further

mation may be downloaded from the web site). To the Work

knowledgeable user, this can give information regarding

likely environmental niches by showing the structural re- Simple visual paradigms, such as the use of animated

lationship between spectral response, water accumulation, interactors, are easy to understand and to communicate.

height. aspect and slope, all of which am discernible (by The more complex paradigms available when animating

differing extents) from the one animation. Particularly, the entire layers are less so, but are capable of providing in-

relationships between landscape structure and spectral sight into highly complex relationships.

response is emphasised. In order to visually analyse complex relationships, some

I0 HI L II [I U L [U U I I U1I H L P I I [U I I U P ] U U I I I I H H I I
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form of visual encoding must be used, to give the required Pialaimidese. P. (Ed) Soene* Visuallsabom-Advonced Soft-

extra dimenuionality to the stimulus space. This mmamlses ware Techniques. pp. 3-14.4

the number of layers of data relred. which Iin tu aids~ Freidell, M. Koharw S., Lapolla, M. and Marks. J. (1992).
cognition. The assignment of data to the various layers Itgae n plcto

and graphical objects remains a difficult problem which is viuaiato. Viukto an

yet tobe fullysolved and the use of expert systems. to aid 3. p. 201-2 18.
the user and to cost out the huge numbers of alternatives.

is currently being Investigated (Gahegan & O'Brien. 1997). Galhegan. M. N. (1996). Visuahisataon strategies for ex-

The software described here in dhe form of Explorer scene ploratory spatial analysis. Prot: Thir International Con-

graphs, modules and VRML scripts can be made available ~ ftimeK on QS and Ermninental Modellig. NCGISuite

to other researchers on request. Babaa USA-

Various schemes to utflise the remaining visual atrbue Gahegan. M. N. and OBrien, D. L (1997). A strategy and

of an interactor are possible. As examples, colour may be architecture for the visualisation of complex geographt-

used to specify the direction of interaction, and opacity cal datasets. lntemationaljoumial of Plattem Recognition

may be used to show the degree of confidence or uncer- and Antliciallnteligence.Vol. 11 lNo. 2. pp. 239-26 1.

r ~tainty in a particular object (Howard & MacEachren. 1996). Goodchild. M. F. (1992). Geographical data modeling. Corm-

Ongoing work also includes the design of various scenarios puters and Geosciences,Vol. 18. No. 4. pp. 401-408.

for exploring datm specifically addressing a user's needs H-artmann, J. L (1"92). Visuallisation techniques in GIS.
when focussed on a particular object, group of objects or Proc: EIS '92.Vol. 1. European Geographic Informs-
a dividing boundary between objects. Future developments tion Systems Foundation. Utrecht, Netherlands, pp. 406-
will involve adding some adaptive behaviour into the visu- 412.
alisation environment, so that the needs of the user are

catered for without lengthy or verbose system interac- Hasleu4.,BradleyýR.Crai&P.UnwinA and Wills.G. (191").

tion. Dynamic graphics for exploring spatial data with appli-

cation to locating global and local anomalies. TheAme6.
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Abstract Near Infrared Reflectance (NIR) analysis techniques

The display of a vector of data values at a set of spatially- (Ciurczak. 1995, Murakami, 1 993, Murakami, 1992). By com-

distributed sample points presents some interesting visu- paring the information gained by NIR analysis with the

alisation problems.Typical display devices provide only two physio chemical properties of the fruit it is possible to

spatial di mensions plus colour, making it necessary to de- relate specific NIR spectral features to desirable product

sign new methods for representing the data. This paper attributes. Once this has been done NIR analysis will be

describes a tool under development that allows users to able to be used as an obec tive measure of fruit quality.

visualise the spatial ripening characteristics of fruit Sugar. This information could then be used to manage fruit de-

acid and moisture content can be measured using non- velopment and storage processes to maximize market ac-

destructive Near Infrared Reflectance (NIR) analysis tech- ceptance. It may also be possible to predict fruit maturity

niques.We introduce the notion of spectrum and spatial and post-harvest characteristics prior to harvest

tools and show how they may be combined to form a The multidimensional nature of the NIR data introduces

flexible visualisation environment for exploring NIR data. some interesting visualisation prob lems.The data is four

These notions may be generalised to areas such as dimensional, whereas the display device only provides two

LANDSAT imagery We expect that high perfo-mance dimensions. It is therefore necessary to discover two di-

computing systems will enable us to extend our tools so mensional methods for representing the data (McCormick,

that they can operate at a wide range of spatial scales. 1987). Also, the users of the application wish to explore

the dataset to discover new features, so it is important to

1. Introduction create an application with a high degree of interaction to

Scientific visualisation can be described in two ways: as a assist them. In order to tackle these problems this imple-

tool for discovering and under standing, and as a tool for mentation provides a suite of interactive visualisation tools

communicating and teaching (DeFanti, 1990). It is used to rather than a single display mode. In addition users are

present information to users in visual forms that appeal to given the power to modify the display for their own pur-

their intuitive understanding. Thus, visualisation tools fa- poses.

cilitate the extraction of knowledge from complex datasets. The approaches described here are applicable to all visu- S
This paper describes a tool that is being developed to al-

low users to visualise data about the ripening characteris- alisation systems that work with a set of scalar values
measured at spatially-distributed sample points. For ex-

tics of fruit. These characteristics, such as sugar. acid and

moisture content can be measured using non-destructive ample, the reflectance data gathered from a fruit using an
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NIR probe is exactly analagous to spectral reflectance data holes a Near Infrared Reflectance (NIR) probe is inserted

measured by a satellite orbiting the earth. to record the diffuse visible-to-NIR spectrum at the fruit's

The current tool is useful for explorin spatial relation- subsur at e of the 72 pointaThe difuse visible-to-

NIR spectrum was sampled at 1100 intervals in the spec-ships mn the NIR data across indmdwlul fruit. Ideally, we would
tral range of 0Ohnm to 102tram using an Ocean Optics

like to analyse spatial relationships at a wide range of scales,
miniature fibre optic probe and charged couple device

for example comparing different fruit from the same tree,

different trees in the same orchard, or different orchards (CCD) sectrophotometerThe sampled spectrum shows
the amount of energy' that is reflected at each different

in the same geographic region. Data exploration of this

kind is not practical using our current workstation-based measured wavelength (Hall, 1968). There is a minor error
term between intensity measurements within a spec•tral

system. It will require the high RAM capacity and rapid

paging abilities of high performance computing systems. reading. This error is related to the noise characteristics
of the 1100 elements contained in the CCD array sensor

The work described here is part of a continuing joint re-
of the spectromneter.

search between the University of Otago and the Horticul-

ture and Food Research Institute of New Zealand. Commercially available spectral analysis packages such as

Grams/32 (Glactic Industries Corp.. Salem, NH, USA)
2. Data collection may be used to compare reflectance spectra for different

The data for this project is provided by HortResearch. It points on the fruit.These tools are not sufficient for our

consists of diffuse reflectance spectra, comprised of indi- task because they do not preserve the spatial relation-

vidual light intensities measured at 0.Snm intervals, col- ships between the points that are being compared.

lected from specific locations on the sub-surface of intact

fruit.The spatial coordinates of these locations were also 3. Visualisation methods

provided. So far. datasets have been collected from Gala The data described in the previous section can be consid-

apples and kiifruit ered four dimensional: the points on the fruit's subsurface

The spatial coordinates were obtained using a Polhemus where wavelengths were measured must be described in

3D in order to maintain their spatial relationships. TheFasTrak T M device (Smith. 1995). Each fruit was placed
intensities measured over the sampled spectrum are the

inside a cylinder with the major axis perpendicular to the fourti measiov. t

cylindr-s straight edge, as shown in Figure I.A longitudi-

nal line of nine holes had been drilled at I5 degree inter- Since the data has more dimensions than the display, no

vals around the cylinder's circumference.The stylus of the single visualisation method will be able to display all as-

tracker is pushed through each of the holes to measure a pects of the dataset simultaneously. For this application,

position on the fruit surface.These point locations corre- the user cannot determine in advance which view will be

spond to one eighth of the fruit.The fruit is then rotated best. Fortunately the computer's flexibility allows the de-

45 degrees to collect the next set of points, and the proc- velopment of a suite of visualisation tools that present

ess is repeated until the whole fruit surface has been sam- different conceptual views of the data. By using the tools

pled. In total 72 points, distributed across eight points of interactively and in concert the user can explore and dis-

latitude and nine points of longitude, are selected for spec- cover features of interest.

tral analysis.This collection method results in a 3D dataset TThe tools currently provided are divided into two catego-

in cylindrical coordinates. These must be converted to
ries: Spectrum tools and spatial tools. Spectrum tools dis-

Cartesian coordinate before visualisation.
play the intensity at all measured wavelengths for a single

After the FasTrak(TM) device is removed from the guide point on the fruit surface. Spatial tools display 3D fruit

III I I J I
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1995). Using scripts rather than library calls allows the

interface to be modified while the application is running

This feature creates a small decrease in terms of speed.

however this is not significant in our application.

The software tools described here are available for many

platforms: for the implementations described here. a Sii-

con Graphics Indigo workstation was used.

1. 1 Sp(! trum to~ols•

/.' • I', M ,,,c r I , .', ' •" Spectrum tools display the intensity at all wavelengths for

a single point on the fruit surface This is essentially a 2D

geometry and intensity values for a single wavelength at all graphing problem: For each of 1100 wavelength samples.

surface points.These categories aie described in detail in we have a single intensity value.We can present the data

the following subsections as a 2D scatterplot. a line drawing, or a histogram.These

are presented in Figure 3. Because of its high contrast, weThe tools were developed using the OpenGL library and
have found the spectral histogram tool to be the most

the Tcl/Tk scripting language OpenGL is a standard graph-

useful.
ics library designed for real-time applications (Neider. 1993M.

It is designed to encourage the development of portable U2 Splatial tool.s

programs. OpenGL is a library of functions that can be The following views have a common trait that sets them

called from a high-level language, in this instance C is used, aside from the spectrum tools: Each spatial tool shows

OpenGL makes it particularly i.e-y to create and interact multiple points on the fruit surface, but intensity at only 0
with 3D polygonal models. one wavelength. This enables comparison of intensities

Tcl/Tk was also chosen for its flexibility.Tk provides a pack- between points, and provides an opportunity to observe

age of tools that are used for creating application inter- their spatial relationships.

faces.Tcl is an interpreter that builds the program's inter-

face from command scripts (Ousterhout. 1994. Welch. 3.2.1. 31)D atterplot Viessmw

The spatial coordinate data can be plotted in a virtual 3D

space, as shown in Figure 4. A perspective

projection transforms the 3D model into a

2D picture for display (Foley. 1990).The user

can interact with the scene using a virtual

trackball (Glassner. 1990).The mouse manipu-

lates the viewing position so the model can

be seen from any angle. giving tre impression

of a three dimensional object.

Plotting the points in 3D is not sufficient; it is

necessary to find a way to show the spectral

data. This can be achieved by displaying the

intensities at a single wavelength as colour in

* ,'• ) " ihia• ::iiuhIi Pil 1i.S. is .\'1. 1s.:, Hi V Io lI I im I' m 1 iili'h formation. By mapping the largest intensity
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FiAure.3 The spyctrum toK)Is (a) the point plot. (b) the line pklt. and (c) the spectral histogram

to white and the smallest to black, these and the interme- a minor problem when compared with systematic errors

diate values can be shown as levels of gray on the fruit that can arise from interpretive eflects of the human visual

model.A slider can be used to select the individual wave- system, such as simultaneous contrast. With this in mind S
length to display. it is more important to reduce these perceptual effects

than it is to reduce quantisation of the displayed data. InRepresentin intensity, with grycl has a drawt~ck• If
accordance with this philosophy an approximation to thethe model is shown on a 24-bit monitoer there is a restrnc-
visual spectrum is made available as a colour map for thetion of 256 grey values.This means that it is only possible

to distinguish between 256 intensity values in the dataset. wavelength data.The 3D scatterplot view with the visual

By using the red, green. and blue channels independently it spectrum colour map is shown in Figures Sa and Sb.

is possible to increase this number by a factor of six.Ware 3.2.2. 3D Model View.

(Ware, 198) sus at the lack of colour resolutin is The points chosen for each fruit represent a rather sparse
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sample. In order fot f to be dsphed a "skin"

the intensity information is interpolateid betwee Point.
The method used to interpolae this colour information is

known as Gouraud shadin (Folh 1990). Gouraud shad-

ing is a popular technique because it is simple and can be

computed using graphics hardware. It is useful to extend

these poin to form a skin for two reasons First.the shape

of the model is clearer if it is represented as a skin. Sec-

ond, the point colour is interpolated across an area, mak-

ing it easier to see. The skin is made from polygonal sur-

faces constructed usi adjacency information extracted

from the latitudes and longitudes of each point. The 3D FIgure 4 The 3D spatial pxonts

scatterplot view is compared to the 3D model view in tensity values, which is difficult to determine when only

Figure S. colour information is used.The height field can be viewed

from any angle by manipulating a virtual trackball. The

3.2.3. The Map View. heights also respond interactively to movement of the

The 3D tools are useful for viewing the fruit in a virtual wavelength slider. It is important to incorporate a station-

environment but it is restrictive since at any time the back ary reference for this view', otherwise the surface appears

part of the fruit is occluded, leaving the data only partially as if it is floating in space.The stationary reference is cre-

visible. It is possible to "unwrap" the model view so that ated by vertical lines below the height field in Figure 7.

the full surface of the fruit is shown in one picture. This is A new slider is introduced for the height field view, It con-

shown in the map view.An example map view is shown in trols the height of the maximum value that is in the dataset.
Figure 6. The data collection method provides a natural

acting as a scaling constant for the virtual altitudes.This is
latitude-longitude coordinate system for the data. In prin- provided so the user can exaggerate the disparity between

ciple, this partitioning allows us to use any of the tech- similar intensity values that are displayed. It is important

niques developed by cartographers for mapping the earth. to note that applying heights to the intensity values in the

In order to "flatten" the fruit surface our current tool sim- 3D model view would not be beneflcial.The 3D object is

ply plots longitude as the x-axis and latitude as the y-axis too complex to act as an adequate reference for the chang-

in what is known as an equirectangular projection (Snyder. ing amplitudes. It would be difficult to distinguish between

1993). All 2D maps of curved objects will contain distor- bumps that represent fruit geometry and bumps that rep-

tions, and while accuracy of the equirectangular plot is resent intensity data

high at the fr_'tXs equator it decreases rapidly as the poles

are approached. In this application the effects of distortion 4. View integration

are reduced somewhat since the poles of the fruit are not The views described in the previous section are combined

sampled. to create a single application. Each view presents different

aspects of the data, so they are made to occupy separate
windows that are simultaneously visible. To support ex-

The map view reduces visual complexity and allows us to pkoaton us m window th pa rs fom ech

use the 3D graphics hardware for another purpose. In the view are linked.

height field view intensities are interpreted as altitudes.

and the data is displayed as a 3D relief map.This artificial Each point shown on the map view can be selected by

terrain helps to clarify the relative distance between in- clicking or dragging the mouse in the display window.The

J F L II I F1 11 I I 1I11V11 il I i' Ir N _ I
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closest point to the mouse is highlighted and the spec- in Figure 9. The cohesion between the views provides a

trum data relating to that point is used to create a spec- fast and effective way to view the data.

tral histogram As the mouse is dragged between points

the histogram changes interactively. It is possible to select S. (Conclusi(onl (n((IllEP(' avi(wok

and drag a wavelength indicator on the histogram.As this The integrated application was recently presented to a

is done, the wavelength shown in the map view is updated group of scientists at HortResearch. Their response ilus-

accordingly.This single environment, illustrated in Figure 8, trated that the views create a visualisation environment

is maintained to avoid confusing the user that encourages exploration of the dataset. Interacting with

In the current application. the 3D model view and the height the raw data graph~cally gives the user a rapid understand.

field view are also linked to the wavelength selected in the ing of the nature of the data. The provision of multiple

spectral histogram view.A screen shot of the application views has created a great level of flexibility for exploring

along with descriptions of the interaction methods is given the dataset.The presentation stimulated many ideas about

I II I I I III•
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how the tools can be enhanced and has defined a clear Because NIR data collection is inexpensive and non-inva-

path for their future development. The tools are consid- sive, it is possible to measure the response of an individual

ered promising and the project is continuing, fruit throughout its maturation process without removing
it from the vine. Portable scanners are already under de-

We would like to tune some of the interaction paradigms
velopment (Martinsen, I1996).The most exciting follow up

that are used in the system. For example, it would be use-
re search will involve the display of NIR data at varying

ful to be able to select sample points in each of the spatial

displays, not just the map view. It would also be helpful if spatial scales and across the temporal dimensionAnalysis
of this type of data may enable researchers to predict post.

the spatial tools automatically centered the currently se-

harvest quality prior to harvest.They may also be able tolected sample point. This could be done by scrolling the

map and height field views and rotating the model view, provide farmers with advice on how to situate trees and

orchards to maximise high-quality yield.

Our experience indicates that users gain accurate infor-
The NIR data for a single fruit at a single point in timemation about NIR datasets using the visualisation tool.

Controlled perceptual studies are necessary to ensure that requires about 317 kilobytes of storage. When this number
is multiplied by the number of apples in a tree the number

the user's impres sion of the visualised data matches the

reality of the raw data. Possible areas of inaccuracy include of trees in an orchard, the number of orchards in a reion,
and the number of days to maturity, the memory require-

the use of a quantised colour scale to display intensity,

linear interpolation of intensity between sample points, ments quickly reach the terrabyte range. In order explore

such a dataset interactively, we will need very large RAM
and the equirectangular map prolection.

I II I I1 I III
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Abstract Given that most users of GIS are professionals in a land

Geographic Information Systems (GIS) provide functionality for related discipline, and not professional programmers, then

visuatising, managing and manipulatng spati* referenced data. it is important to make the language interface to a GIS as

For straight forward spatial queries users perform these func- easy to use and intuitive as possible.

tions through a graphical user interface, for more advanced Novice users often find writing programs to be a daunting

spatial models the user is often required to write a program as task.Assuming there is a systematic or scientific approach

a formulation of the problem.The objective of this paper is to to the problem being solved. expressing this in a program

find out what type of programming language is suitable for is still a difficult intellectual activity.This paper has identi-

users who do not have extensive programming experience, and lied two fundamental reasons for this:

yet provides powerful modelling capability. The paper reviews

different types of programming paradigms and the abstrac- Representation mismatch between the obiect level rep-

tions they support. It argues that a combination of decision resentation of spatial data in the programming language

rules and object-oriented paradigms offer a clear and effective and the application view.This problem occurs when

language interface to 1IS. The roles are structured and pre- the application presents information in one way but

sented in a tabular form to simplify their specification.The ap- the programming environment to access and manipu-

proach emphosises a style ofprogramming that is attuned to late that information is different A popular way to i

spatial data models and programs are easy to comprehend present information in GIS is as a map organised into
thematic layers, whereas in a programming environ-

1. Introduction ment the user is presented with tables containing
records.This also affects the way queries are expressed.

A necessary part of solving problems with computers is
For instance the application interface provides asso-

to express them in a formal way.The appropriate compu- F

ter tool to solve geographical problems is a Geographic ciative access by querying feature properties. whereas

Information System (GIS). Such systems provide the basic the programming language may provide data access by

functionality for visualising, managing and manipulating spa- retrieving records based upon relative record num-
bars in a table.

tially referenced data. Problem solving is expressed using a
2Problem specification mi~smatch between the way a user

computer language either provided by the system or one

that interoperates with the system. Users of GIS are faced expresses a problem and how programming languages

with the task of writing programs as a concrete formula- implement the solution.This occurs when a users ex-

tion of their particular problem for not only advanced spa- presses a problem in set theoretic terms, yet is forced
to resolve the problem in an application program as a

tial analysis problems, but also for many ah hac queries.
sequence of operations on individual records. Many
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Programming languages compel a programmatic ap- tural linkages between objects, composition relation-

proach to solve a problem involving detailed actions in ships where objects form part of an aggregation hier-

strict operational order. arch,, and generalisation relationships where objects

This paper examines programming-language integration share common semantics in an inheritance hierarchy.

with GIS.We consider elements of programming including 2 Procedural abstraction refers to the way actions are de-

control structures. data structures, arithmetic. and so forth, fined and controlled within the programming language.

In particular we explore the potential of decision tables to Low level languages solve problems in terms of ir-

express query and modelling problems in a conceptually perative commands. The program code describes ex-

intuitive way. Decision tables express condition-action acdy how to solve the problem as a rigidly controlled

clauses in a tabular form.Arentze et oa. (I "5) show this to set of detailed actions. Program control is expressed

be a flexible technique for decision support in facility plan- by either sequential instructions, repetition or branch-

ning.We further explore their integration with operational ing conditional constructs. Examples of low level lan-

semantics of GIS.We propose that decision tables be used guages include FORTRAN and C. High level languages

in combination with object-oriented methods to provide solve problems in a declarative fashion. The program

a very direct and concise way to solve geographical prob- code specifies the desired outcome or goal. Program

lems.To demonstrate the concept, a prototype develop- control is less rigid and may be based upon reasoning

ment is described where decision tables are integrated to prove a hypothesis. Examples of high level languages

with the programming framework used by a commercial include C++ and PROLOG.

GIS. So what are the best language characteristics to use in

The outiine of this paper is as follows. Sections 2 and 3 GISWe reduce the scope of this question by focussing on

characterise programming languages by the type of infor- a programming paradigm that is designed for a typical GIS

mation abstractions they support. It is concluded that a user, namely one who does not have a significant amount

combination of decision rules and object-oriented access of training in programming techniques. Any procedural
abstractions would need to be implicit to harmonise with

to spatial features provides a uniform and convenient no-
the way a user attempts to solve a problem, and should

cation. Section 4 advocates the use of decision tables as a
exercise a reasonably obvious method of control over

presentation style. Examples for a non-trivial spatial query

demonstrate the concepts. spatial features. It would support a range of queries on

spatial databases without the user needing to understand

2. Background the intricacies of computer algorithms. The data abstrac-
tions used within the language need to be tighdy inter-

Programming paradigms can be characterised according tweaved with the way information is managed and manipu-

to: i) the data abstractions, and ii) the procedural abstrac-

tions they suppor. lated at the user level. In modem systems this means the

language must harmonise with geographic data modelling

I Data obstraction refers to the way information content methods and with user interface paradigms used to ma-

is represented. Low level languages use simple value nipulate geographic information.

types, like integers and reals, while high level languages

support more abstract object types and data model- 3. Programming Paradigms
ling relationships. Objects types impose a class defini- Programming languages employ different types of data ab-

tion to describe structural properties (state informa- stractions and procedural abstractions. Different types of

tion) and behavioural properties (operations). Data languages stress one characteristic over another. Four main

modelling relationships define how objects may be re- paradigms are identified:

lated. This includes associative retionships for struc-
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f• • Logic Proci The power of PROLOG-Ike languages to express both

Functional Programming spatial quee spatial models has been well demon-

Rule-Bgad Programming strated. LOBSTER is an early example of a prototype sys-

Object-Oriented Programming tern that used PROLOG as the language interface to query

3.1 Logic Programming a spatial DBMS (Egenholer. 1990).The prototype provided

Logic pro ga high level language to manipulate symbolic representa-
tions of spatial features. This was possible because the

or t be ore~ct t aililDBMS was able to handle complex record structures, and

der predicate logic. Problems are expressed as statements

user defined functions could be programmed as builtins toto represent things that we believe about the world.The
the POIILOG inepee Spatial data types for points, lines.

statements are composed of a set of logical terms and

logical connectors.The rules for evaluating statements are areas, and surfaces were defined in the DBMS and manipu-

givenbyarttbsh nlated at a semantic level by the rules and facts expressed
in Horn clauses. All low level access to spatial data and

In first order predicate logic all objects belong to a single spatial manipulation is handled by the builtin functions.This

universe.This leads to a characteristic of "flatness" in pure ability to include declarative expressions of spatial queries

logical languages.All objects are universal and so are the within a logic language is viewed as a key requirement by

axioms by which they are related.There is no procedural other researchers (Abdelmoty et al.. 1993).

abstraction in first order predicate logic.
3.2 Functional Programming

In practice, logic programming languages use some proce-
Functional programming is based upon mathematical con-

dural mechanisms to interpret logical statements.The most

popular of these programming languages is PROLOG cepts of mapping functions.A function maps object values

(Bratko. 1990).A logical statement is expressed as om domain to another. This is expressed formally
f.x®y .the function f maps objec values firon the domain

clause consisting of a conclusion head "C" and several con-

dional terms "B" in the body.They have the form: X to the domain Y.The object returned by a function de-

pends only on its arguments. In addition functions do not
"B, and B2 and B3 ... and BN implies C" induce any side effects so all state information evolves in

Different combinations of a head and body create three an explicit and controlled way.This trait is known as refer-

types of clauses: queries, rules and facts.The fundamental ential utnsporency.Any transformations on objects are han-

form of programming control is a query that is answered died by explicitly returning new objects.This has a bearing

by searching for matching facts.or rules whose heads match on the data and procedural abstractions used by functional

the query and whose body may be proven.This ability to languages. Both rely upon mapping functions to express

search through a set of facts and to further deduce rela- structural and behavioural relationships.

tions from rules gives PROLOG its deductive capability. Advanced functional languages have a powerful expressive

quality with the ability to use higher order functions (a 49

Terms AND connector OR Connector hmphcation function of a function of a . ) to per-

p q PAq pvq p -) q form symbolic manipulation and proofs

true Mrue tue truc tne in programs. Functions are also treated

true false ftbse true faese as first class objects so they may be S
fake true false true fake used as arguments and may be the re-

Ase fakse ftse felse true turn value from a function. A math-

Figure 1: 7,uth Table. ematical style of programming is ob-
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tunde by using algebra exrssos instead of function are solved as proofs computed from the facts and rule set

names. Examples of functional languages include S this Rule-based programming does not directly support data

manipulates objects as a list of un"tpe symbols, and ML abstractions but relationships can be expressed by mets-

that is a language that manipulates objects with more ad- 'ules.

vanced data types (Paulson, 199). .ule-based programming provides a model of the deci-

A GIS database perceived and manipulated by a functional sion process that suits a range of problems used for spa-

language is viewed as a collection of objects together with tial reasoning (ScarponcWu et o. 1995).The techniques have

a collection of functions.This has not proven to be a very been used in several ad hoc system developments for deci-

attractive quality for feature-based GIS applications as there sion support (Lowes and Bellamy, 1994) (Davis and

is not sufficient selective distinction between the different McDonald, 1993).

operations permitted on various types of spatial features

(ie. point, linear, and area features). However, GIS applica- 3.4 Object-Oriented Programming

tions that use a simple image-based structure are more Object-oriented programming (OOP) is based on concepts

predisposed to this type of manipulation. Map algebra is an for objects, classes, and the inheritance mechanism between

example of a function-oriented language used in GIS for classes. An object is an instance of a class to hold all re-

manipulating and analysing surface data (Tomlin, 1991 ). Map lated state information. Since objects can reference other

algebra uses a set of conventions to provide finer inter- objects, it is possible to build compositions of more com-

pretation of the geographic locations (ie. local, neighbour- plex objects.The classes in a program define categories of

hood, zonal) but these are still manipulated by functional objects which share the same state information and pro-

transformations. Map algebra has the advantage of a straight cedural interfaces. Inheritance provides a relationship be-

forward notation and is very useful for developing models tween classes based upon a taxonomy hierarchy. These

of spatial interpretations. organising principles are formally based upon classification

3.3 Rule-Based Programming OOP has become very popular as it provides a mental

Rule-based programming is a special case of logic program- leverage for designers to encapsulate the structure and

ming. The language is based on a procedural scheme with behaviour of design problems as objcts. Data abstraction

the canonical condition-action form: is supported through associative references to express

IF condition-pattern THEN actions, structural relationships between objects, and class inherit-
ance. Procedural abstractions are provided in two ways.

The left-hand side consists of several conditions that re-

turn a logical result.The right-hand side consists of several The permissible actions on an object, and a configuration

actions. Actions can fire other rules, establish newfac of objects, are integrated as part of the object class de-

and perform procedural operations. Rules express r scription. But the final implementation code still uses low
level procedural mechanisms to perform operations in

tionships and meta-information. Rules are grouped in rule-
sets known to the inference engine.The engine works in a sequence, by conditional branching, or within an iteration.

continuous loop, at each cycle a rule that matches some A disadvantage is that these control constructs involve
the introduction of state variables to hold computational

condition-pattern is chosen and the related actions are

fired.The execution stops when no more rules are fireable, values between operations and procedures.

Rule-based programming uses a simple procedural abstrac. Writing a program in an OOP language does not neces-

tion to search for goals that satisfy the condition-pattern sarily make the program object-oriented. But in general

and then subsequently firing the action clauses. Queries programs incorporate object-oriented design principles

'JIIrJiI 117 Ii L L [1 1 I i I
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(Rumbaugh et al., 991 ). OOP is especially suited to prob- Our objective was to find a language that is easy to under-

lems where these is a large number of entities to be mod- stand and is able to express a solution in a very direct and

eled. each with complex structural relationships and op- concise manner.To avoid any representation mismatch the

erational semantics. In recent years OOP has made a sig- data model must be consistent between the application

nificant impact on graphical user interfaces (GUI's) and user interface and the programming language. If the pre-

the application programming environment. Desktop GIS's scribed view of geographic information is feature-based.

often use object-oriented concepts in the user interface then the programming language must support data access

and application programming environment But in most and manipulation using feature structures. Likewise to avoid

cases spatial data handling is still bald upon a geo-rela- any problem specification mismatch the style of expres-

tional model, and so data abstractions such as association sion must be consistent between the application user in-

and inheritance are not applied to the spatial data. terface and the programming language. If the prescribed

Morehouse (1990) discusses the implications and difficulty view of geo-processing is set-theoretic operations then

of having true object-oriented modelling semantics for the programming language must support set queries and

spatial databases.The OpenGIS Specification (OGC. 1997) set operations on map features.

incorporates oblt-orlene geo-processing concepts.The ~We believe the geo-relational model is easily compre-
full development of models to allow user defined schemas hended. Users assume that programming a GIS requires

will require information representation specified by data manipulating attribute. -r defined map feature sets. In an

dictionaries, schematic catalogues, geometry rules. etc.This a t

technology specification will have an~pc is easily supported for queries

the adoption of object-oriented data abstractions within on a single data set. But for compound queries involving

GIS programming languages. several data sets one quickly finds that intricate control

constructs and intermediate state information (record
3.5 Summary numbers, lists of attribute names and values. iterating vari-
Different programming paradigms may be characterised ables. etc.) are needed. Most users are not accustomed toby the data and procedural abstractions employed. The this programming style. and find it difficult to reconcile the
four paradigms and the types of abstractions supported

are ummrisd inFigre . Noe tat ost angageim- program code with the problem at hand.We believe that a
combination of some aspects of functional, object-oriented

plementations use a combination of programming para- and rule-based paradigms offers a better solutionAn ob-

digms, or programmers adopt a style suited to one or an-

other programming paradigm. Therefore in practice this sijec-oriented interpretation of spatial features provides asimple semantic interpretation of geographical data, all fea-
taxonomy is less well defined. tures belong to a themes in a map with appropriate op-

Programming ProceduralAbstraction Data Abstraction Example of Use in GIS

Paradigms

Logic Meta-rules ad hc

Functional Functional mappings Functional mappings Map Algebra

Rule-Based Conditional pattern - ad hoc S
and actions

Object-Oriented Sequential, repetition. Objects, class, inheritance OpenGIS

and conditional branching

Figure 2 Programming paradigms and the types of abstractions enploIyed
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orations on member fatures. The rule-based paradigm C I mainscourse beef poultry

provides a simple mechanism to control program flow. C2 meat dark light

Users can easily grasp the IF-THEN rules and see how it is A wine red white red white

applied gen•eal. Programmers do not need to construct Figure 4 Decision Table

or navigate between obieicts, this is inferred from the pat- IF (maincourse is poultry) AND (meat is dark) THEN (wine

tern and action syntax of the IF-THEN rules. is red)

One disadvantage of rules is that they become unyielding This can be represented in a graph form as a decision tree

and their specification is difficult to understand for shown in Figure 3.

nontrivial problems. To simplify the way rules are struc- This can also be represented in tabular form as a decision

tured we have explored decision tables.The next section table shown in Figure 4.

shows how structured rule-sets are organised into a tabu-

lar form. Some of the advantages of decision tables include com-

pactness, self-documentation, modifiability and complete-

4. Decision 7Tbles ness checking (Reilly etal., 1987). Given that information is

Rule-sets are difficult to interpret for any reasonably sized stored and viewed in a tabular form in geo-relational

knowledge baseAn alternative technique for representing databases, it seems fortuitous to reresent the rules in a

decision rules is as decision trees (Giarratano and Riley. similar form.This presents the user with a very consistent

1994) or decision tables (Reilly et al.. 1987). representation of data and procedures.

The different forms for representing rules can be shown 4.1 Prototype Implementation

by example.The example describes rules for choosing the The concept of using decision tables for spatial query and

best wine to have with a meal. modelling was explored by implementing a prototype tool.

Given the following rule-set The tool needed to either interoperate or to be pro-

grammed with a GIS that offered object-oriented language

IF (main-course is beet) THEN (wine is red) features. ArcView (ESRI, 1994) was used because it pro-

IF (main-course is fsh) THEN (wine is white) vided a comprehensive application development environ-

IF (main-course is poultry) AND (meat is light) THEN (wine ment that included an object-oriented programming lan-

is white)

main_course is ?

ýb ffish uitry

~~is ~J is hitmeat is ?

light

[ wne , e.,] wine is redl [inea is whit

Figure 3 Decision 7)"ee
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The orarisin principle in ArcViw is that themetic spa- facts linld to features to be idrrfed in a natural way. It

diiinlrweco m dnd ad endere within ageo-raphi- also realieow the programmerw from the bur-den of setting

cal portal called a veew.A vew contains a set of themnes ad usp variables to, hold Owi state information which was onily

reistuere to the same geographical space. Each diaem.rep used during the inferencet process.

resent a defined set of geographi fuatures with thewr own

disainct. display characteisotcs. Each theme corresponds 4.2 Example

to a gao-relational mdlof a do souce.The Soo-vale- 1vo examples of decision tables are described. The first

tional model (Morehouse. 1965) is based upon a relational example shows a simple query that may be expressed us-

dama moidel where recoritsedl tables have one column with ing an advanced query tool provided within deskto GIS.

values for a spatial domainA sat of these tables each mod- The second example demonstrates a more complex query

elfing some thematic set of spatial features which share a that would not be readily represented by any table query

common geographical extent are the basis of the layered tool.

database concept The example is based on a public works problem.Trees

The prototype tool was implemented in ArcView using located near powerfines need to be perioidically trimmed

the native programming environment The algorithm to to avoid interference with electrical cables.An applictio

implement the rule-based approach is a backward chain- view would include a feature table for are locations and

ing inference engine as described in Giarratano and Riley powerlines.

(1994. p:S66). Goal oblects were matched againt di e In the first example a decisioin table. see figure 5, s used
of features in a them The pattern lunhig was performed to express the following query-.
on feature-attrbutes for specified subject clauses and as-

sociated values in the columns of the decisioni cable. The check trees within 10 meters of a poweitne and havw not

syntax adopted was dhsc a cable was identified by its the- bee Ztrimmed for 2 years.

matic name. this was placedmi brackets to indicate it rep- In, th eodxml a decision table, see Figure 6. is
resents a free variable that ranges over dhe set of features used to dmvelop a more reatistic: query to account for dif-
in atheme. ferent growth rates in trees:

For example: check trees within 10 mefters of a pawerine Owee die grotmh

[treejlgrowth-race is a free variable that ranges over fomn Jost Vimn height is now within one meter of powerbine

the set of features in the height.

"*re"theme with the named at Tree heigt obviously varies over tnme as a function of
tribute -growth-raWe. recorded heigt plus growth that has occurred since it

t Rule inference worked by attempt-

ing to match against feature-at- ClI (tree] shape-DistancTof[powerfine].shape) I0
tributes. The combination of a C2 [t(j.Since~im J 2{
theme name and attribute domaiin A trechkjr ejfLs

name Identifies feature-attributes in 7- -. __________________ Wtie I__ ___als

datatabls. f a atchng eatue- gure 5: Decision Tbble for ftrst query example.

attribute could not be found th~en ~Cl (tejsaeDistancelb(Lpowverline].shape) < 10-

this was treated as a new attribute ~C2t (powerline] htight - [trallemuight <1I

derived as part of the inference A[ (treel-check true fas Ju

processaThis allowed new derived Figure 6: Decision Thbbe for second query example,
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C I[tmee]type, pine oak ash
Al eJV%*]Vwth 0.9 * sreej.SceTrim 0.2 *[tr*e].Smcernni 0.7* ( tree].Soce~rv'n

A2 rteIV ii- t . vn-lag + [-eree ,roth
Flgure 7 Dtcision 7bbiab to deduce mre height

was Iat trimmed. The second condition in the decision tha a rahi interfac is provided for users to express
table specifes a [tretit.height which is not a persistent at- and execute queries The next milestone will be to test
tribute of tress. With pattern matching a decision table is the tool on a wide range of queries and distribute a robust
fiound that lists this attribute (goa) in its action clause. veso f Ih ol
Therefore it is able to infer thi information from the de-

cision table shown in Figure 7 and calculate the growt 6. Bibliography
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Small-scale environments in a fractal landscape
Gordon M.M. Morris
Manaaki Whenua - Landcare Research
P.O. Box 11-052
Palmerston North
New Zealand

Presented at the second annual conference of GeoComputation '97& SIRC '97,
University of Otago, New Zealand, 26-29 August 1997

Many .wironmental managers face semi l landscapes 1. Complex environments and patch

that are complex at various scales. Such is the cae of dynamics.
investigating the spread of exotic woody plants in the

Seen by some as a threat to the natural flora and fauna to
tussock-grasslands of the Flagstaff-Swampy Ridge near

Ounedn. Nw Zeland lOt a a 'natural' pert in the evolution of the landscape,
Dunedin. NowZealand .anals as pero supermedion ed clas- G invading plants in New Zealand have been a continuingsification and analysis was performed on the IDRISI GIS.

Three aerial photographs taken in 1975. 1965 and 1990 topic of debate.

were digitally scanned. rubbersheeted as ortho-photographs. Interactions between environmental variables are often

and used as unintelligent bands. Supervised classification complex, especially over semi-natural tussock landscapes.

by reclassification was based on the contrast of vegeation Traditional ecological methods and transects are often too

patches. Four classes emerged; woody plants. tussocks, simple to explain patterns. especially where wilding crni-

grasses and bare ground. Many errors occurred, especially fers are found in New Zealand's high country. Managers

pixel aliasing. Temporal change in the landscape pattern of these lands face a wealth of often conflicting knowl-

was seen by using fractals, calculated for each patch type in edge. The spread of wilding exotic conifers can be identi-

a raster environment The increasing fractal dimension for fled as originating from "take-off sites" (Ledgard and Cro-

the tussock patches over time corresponds to an invasion zier, 199 1). These areas are favourable for growth. and

of woody plants and subsequent fragmentation. Ground subsequent dispersal of wind blown plants. Analysis of

truthing supported this finding, showing that the heterog- natural patterns needs an unbiased approach to pattern

enous landscape is linked by small area environments that analysis from accessible imagery. especially where woody

offer safe-sites to plants, especially pig rootings. Future species spread along natural boundaries.

IGIS will combine knowledge about a plant's characteris-

tics linked the landscape. This will allow a greater under- 2. Patterns and analysis.
standing of the spread and establishment woody exotic Suites of aerial photography allow cost-effective images

plants in New Zealand's landscapes, for showing detailed change in the environment They visu-

Key words; environmental heterogeneity, exotic woody aloae theories of landscape ecology that see the environ-

plants, fractal dimension, GIS, IDRISI, pig rootng raster, ment as a mosaic-like landscape pattern of individual, but

safe-sites, interconnected, patches. These patches are communities

or species assemblages are surrounded by a matrix of veg-

etation of distinctive structure or composition (Forman

and Godron, 1961). Patterns in a landscape are repre-

sentative of a non-uniform resource distribution in the
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FIGURE I Hypo(hesised spatial arrangement between macro-patches.

landscape. The patch boundary can be defined in terms of Schaller (1994) by the application of landscape units to a

a gradient between two neighbouring macro-patches. GIS, that an effective overlaying of patches can best be

where the boundary is the locus of points that exceed a achieved by determining the'smallest commrron unit'. With-

specified threshold (Musick and Grover. 1991). Ludwig out reference to heterogeneity. this shows that the small-

and Cornelius (1987) documented change along an envi- est part of the environment has its own unique qualities of

ronmental gradient. using a split-window gradient analysis. measured heterogeneity and small-scale processes. This is

They found "discontinuities;" areas of extreme differences especially applicable in a GIS approach to analogies of a

in the hypothetical positions of patches along; the gradient. complex environment This does away with the need to

Orl6cii and Orl6ci (1990) identify that raw populations are define a boundary in terms of ecotone or ecocline. In- 0
being compared, however their differences from the ex- stead, it refers to the characteristics of the patches them-

pected Squared Euclidean Distance values would repre- selves as part of a combined landscape. Greater emphasis

sent mosaic-like arrangements between macro-patches is given to the landiscape and individual planits. By measur-

(Figure 1). In vegetation studies, these may correspond to ing patch perimeter to patch area. fraccals offer an inde-

contrasting vegetation zones. pendent guide for landscape ecology. From work in soil
mapping, Burrough (1963) shows low fractals as "short-

Although the split-l~ot may rot coincide with the actual range variations" anid high fractals as long-range hieratical
environmental or vegetational edge. Hardt and Forman effects. Forman (1997) also described hypothesized Val-
(1969) show that the shape of an edge is critical fo h ues of patch shape reflecting patch stability. Simple shapes
recruitment of woody seedlings. This reflect varying scle with low fractal values were stable, higher fractals repre-
of activity, both abiotic and biotic. They stated that a bound- sented a complex environment These can be used to
ary has a thickness even when the edge is discrete. Hence measure the opportunities for woody plant expansion and
2-dimensional studies are required to identify boundary their effects along an ecological boundary, by using a de-
zone dynamics. Geographic Information Systems (GIS) tailed remote sensing study in a GIS environment.
offers the opportunity to use timages for analysis. repre-

senting the environment at fine scales, thus allowing a M ethods.
leoc perspective.

The study area was in the headwaters of Nichol's Creek.
The holistic environment as hypothesised in Figure I com- Flagstaff-Swampy Ridge. near Dunedin, New Zealand (Fig-

prim0 smaller entitiesand is only homogenous at the small- ure 2). Vegetation is predominantly Chbihondlo rigida (snow
eat scale, excepting fuzzy boundaries. This is shown by tussock), with Phormium cooltinum (flax). Patches occur of

366 Proceedings of GeoCdmputatmon'97,FISIRC'97
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FIGURE 2 The study area, kxIkmng south (5tU1w .site outlined in uhiue)

invading woody plants; natives Cossiua vouviliersii and reformatting also gave each set the same number of co
l
-

Leptospermum scoparum, and exotic Cyuiss scopanus and umns and rows. The area used for the analysis was an

Ukex europoeus. The area, now part of a water reserve. was approximate 500 meter square subsampled area. taken to

once grazed and has been oversown with many exotic minimise the large distortion between bands. A larger

grasses. IDRISI. a raster-based GIS, was used for image contrast in grey-scale values was made by stretching the

enhancement and classification of vegetation patches, and band to give 256 values. Reclassification gave four vegeta-

calculation of the fractal dimension in a raster environ- tion classes: woody plantsstussock'.grass'.and'bare'ground.

mert. The decision points for this supervised classification are

given in Table I. Patches were identified with the GROUP

Enlargements of contact prints from aerial surveys in 1985 function, matching like pixels in the same unique identifier.

and 1990; and a bromide copy from 1979 were scanned in including those on the diagonal.
at 360 dots per inch on a flat-bed scanner, then imported

into the IDRISI environment as 256 grey-scale TIFF files. To overcome the effects of geometry of pixels either sin-

Mean and median filters were used to remove random gly or as groups, Olsen et oa (1996) modify the fractal di-

noise in the images from silver nitrate crystals in the en- mension from Peitgen and Saupe (1988) by avoiding the

larged photograph that showed as high and low values in regression of the patch perimeter (P) to the patch area

homogenous areas. Images were rubbersheeted to pro- (A). Olsen et al. (1996) then calculated the constant of

duce aerial ortho-photographs. which gave independent proportionality from Equation 1, where a single pixel (with

bands. Images were matched to the 1990 image due to four sides) is the simplest case. Equation I solved for k, a I
the number of points that could be identified with reason- single pixel with area I and perimeter 4 as the simplest

able certainty. Prominent points such as fenceposts, crowns case. The constant of proportionality for the cell is ob-

of individual trees, patches of bare ground were used as tained as k = 4. The fractal dimension used for this re-

control points between images. A bilinear quadratic move- search for calculating the fractal dimension of a patch in a

ment was used to speed processing time. Points were raster had the constant subsitutated in and the log taken S
clustered along the boundary to give a higher accuracy (Equation I).

where the most change was expected occur. The * In (P/4)IIn (A) Equation 1.D = 2*In(/)/n ) Euain.

TABLE I. Decision points used in the supernised classificatin of each image

classHiatdon types

image woody tussock grass bare

1919 1 - 114 115-212 213-255 not classified

19$S I - 122 141- 186; 208-219 122- 140;. 186-207 220-255

1990 - 151 152- 176 177- 199 200-255

" i !i d, I I IlL -o m I pi t 1 ]iIii'97 SI 3
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TABLE 3 Mode ot the •factal dimension (L) value) in the study and sub-sample sites

Study s altch " tyeub-uyh peatch type

imgetussckc grass bare woody t..sock Igrass I bare

197s :.47 1.73 51 1.29 1.61 1.54 -

11s 1.41 1.56 6.,2 1.40 1.37 1.62 1.78 0.4

199I 1.35 1.70 1.58 1.38 1.38 1.38 1.55 1.46

Si -pixel pygons were removed.and like pixels grouped closed by Invading woody plants show a decrease m their

together as patches with unique identifiers. The area and fractal dimension. Such patches are small. and often regu-

perimeter of each patch was calculated, and the fractal lar. This may indicate that they are individual tussocks.

dimension (the D value) was found as for Equation I by sutle areas of tussock, or patches unsuitable for woody

overlaying images. plants. By 1990 the tussock macro-patch has broken up

into smaller patches with a similar, and lower, fractal di-A subset of 1000 by 1000 pIxels randomly placed within

the study site was taken to identify local effects of scale on mension. As the environment fragments, the D value in-

the fractal dimension; single pixels were not removed. The creases. When the patch is reduced in size. patches with a

results from this are discussed after analysis of the study lower value remain. This shows that factals indicate the

frat'nentaaon of the landscape.
site.

Smaller patches of tussock show lower fractal dimensions

4. Analysis. (approx 1.40) and occur around the outside of the macro-

A reclassification of grey-scale values was used to distin- patch towards the woody macro-patch. This may indicate

guish between patches. This gave a better seration be- that they are constant within the landscape -as they are in

tween classes in the bands than signatures did, due to the the area of a patch of Chionochloo conspicua. However. the P 0
overlapping range of values within each signature file. tussock macro-patch also crosses the main track in part

Where values overlapped there was a high chance that a and must be used with caution when seen as a whole as
there will be pixel aliasing in these track areas. The de-

pixel was assigned to the wrong class. This can be seen as

'noise. for example tree crowns can be identified by their crease in the D value for woody plant patches occurs as

lightness, and are classed as 'tussock' There may also be the area becomes greater, with the macro-patch joining p

misclassification, where flax plants are seen as woody spe- 'woody' patches in the tussock macro-patch. The value of

cies because of their low grey-scale values. D is significantly different from the tussock macro-patch,

and separates the two macro-patches in terms of spread.
Some categories had to be added together: for example.

pine trees and native bush as 'woody', and 'grassed' areas The patches within the woody macro-patch are noise from

with bare ground as'grass' in the 1979 image. Stretching errors in classification, but their effect is minimal. How- S
the 1979 band to the full 256 grey scale values did not ever, some heterogeneous patches are classed as both'tus-

increase the contrast due to areas of high reflectance; it is sock' and'grassed'. This suggests the underlying heteroge-

likely that both'grass' and'tussock' values have bare ground neity within both of these classes. The fractal dimension

included in them. This is not a problem except where of grassy patches in the woody macro-patch is 1.30; a low

species specific information is required, and where tex- D value perhaps indicating a stable influence within the

tural values change with position and aspect. environment. The presence of this patch can be seen in

aerial photographs since 1949. However the'grass' patches,

The modal frequency of pixels indicated the fractal dimen- which surround many tussock patches, have fractals aver-

sion of the macro-patch. Tussock and 'grass' patches en- aging 1.39, but reflect fragmentation, especially in the 1990

I • • i I I H H U U• 11 H H I H} H 11 H IH Hil • II H Ull V ]• i I U i L; I ll •
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image. They are the primarily places where woody plants 1.61 (Figure 3). This is the el1ect of the mean and median

invade. This is similar to the ' 990'bare' patches in an area filters smoohing complex shapes during image enhance-

of pig roomng, which has a D value of 1.30. ment However, without filtering high impulse noise would

Pig rootings ofler safe-sites (Harper, 1977) for plant growth increase; as will the complexity of the method.

in the environment In these disturbed areas,,.eedfinp are

protected from drying winis, gives insulation from cold. 5. Data quality.

have a constant nutrient supply, and a reduction in compe- Goodchild (1994) argues that although remote sensing and

tition by other species. Gor-e seedlings, from the seed GIS are applicable to vegetation analysis they vary as to

bank, are quick to occupy bare ground and form close knit their integration. Cartographic boundaries are often seen

patches. This is an important interaction at the small-scale as discrete fines or homogenous areas of constant width

and an important mechanism for disturbance in this area. between distinctive spatial units. Small areas may also be

Other identifiable patches form to make the track, which smaller than the minimum mapping distance and, as with

is classed as'bare','grassed', and'tussock'. Ir fractal ranges most cartographic drawing, are subject to generalisation.
is clashedmashbarelgowedea.landdtussocko.nltu fractalerange

from 1.30 to 1,40 in the 1979 and 1990 images, but is 1.60 The method allowed a landscape bountry between two

in the I "9S image. This high value is due to its irregularity ecosystems to be a heterogenous area composed of

with its length. or misclassification from shadows along its patches, smaller than the minimum mapping distance for

edge. Otherwise, its low value of D corresponds to conventional map adding to the detail of the study.

stable patch within a landscape, even though they are not However, the scale of investigation in a raster is deter-

linked together as the same patch type. mined by the pixel or grid size, so the smallest feasible

scale of investigation remains uncertain. There must be a
The randomly placed sample of the site 1000 by 1000 pixels balance between too much information, and over gener- * *
assessed the change in scale on the fractal dimension of alisation. The orientation of the raster is also of prime

the macro-patches. Table 3 shows a reversing trend of importance.especially at larger scales where the grid must

modal values for the fractal dimension to the study site. be orientated with the boundary of the stucy ares in mind.

This occurs from the local kffects (Feder. 1988) of re-siz- This is because a boundary and a sampling grid must be

ing the woody and tussock macro-patches;and the straight similarly orientated (Burrough, 1987). In that important

lines of the edge of the image, which also give simpler respect, the topology of the raster system may not match

shapes. coordinates which are plotted close together. Thus the

Some values of D for the study site we, e not included in fractal dimension calculated for square metres is different

the analysis, tending to be complex patches greater than from cell values. Further, objects may not fit into the grid

of a square raster especially where the object is too small

1.0 1.2 1.4 1.6 1.8 2.0
fradl• •m~o

FIGURE 3 Presence absence (black/uhite) offractals, for all patch types
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for the pixel, so the pixel becomes an alias of the true head). The reflectance of pine trees may be up to five

feature (Gahegan, 1994). Objects that are able to be cap- times the original reflectance value (Dymond, 1996), and

tured may not be positively identified. This is the case of would be even greater for bare land. Future Integrated

pixel aliasing, where pixels do not represent the object GIS (i-.-) will incorporate Triangulated Irregular Networks

they describe. This occurs where large-area pixels do not (TIN) that combined with co-ordinates from sub-metre

irclude the classes of information, or the decision points Global Positioning Systems (GPS). tilt and tip displacement

in the reclassification are incorrect- from the camera would be removed and allow for differ-

ences in the topography (relief displacement) to be re-

5. 1 Errors in classification, moved. Further, for analysis by the supervised classifica-

tion, a weighted index of classified grey-scale values forGround truthing shows that some areas may appear as

woody plants, but are flax or the small shadows of large the various slope aspect and angles would reduce errors

tussocks; and that 'grassed' areas (as seen by their lighter from shading effects and brigt illumination when using

tones) may include some tussocks, especially on sunlit reclassification.

slopes. This means that the error between images is not This also shows in the reclassification of grey-scale values

constant. Diferences in shadow angle, light quality be- for a single tree (Figure 4). The vector line shows t

tween images. and the reflectance of the ground and veg- approximate position of the plant, the dark area below

etation meant that classifications were not interchange- this is the plant's shadow. A histogram of the spectral

able between bands, and errors wouid occur over the study response for this plant shows the range of pixels with grey-

site. scale valuei [indicated along the x-axis] from 58 to 188,

A large source error in data capture comes from the use with the higher numbers being lighter, Much of the classi-

of only one bandwidth per data set (visible light as seen by fication from analysing the histograms of training sites would

256 tones of black and white). With the reclassification overlap with other sites.

remote sensing, some pixels will be reclassed incorrecdy.

This can be seen by the number of'tussock' patches with Although some generalisation may be made by this method,

in the woody macro-patch. The photographic paper may the error is still less than that by individually assigning each

not be as responsive as a digital signal, giving a systematic small-area pixel to a class based )n a training :te. The

type-sample. Where the photo is lighter, as on the north- minimum mapping distance would also require eight pixels

em side of a hill, it also has higher reflectance values than to surround a patch' of one pixel. Ground truthing vat-

southern sides. These 'hotspot' points occur where the dated most of the supervised classification results and

photograph's angle varies in relation to the sun's angle, a emphasised the importance of small-scale.

problem with ortho-photographic images that have not The test site for the fractal dimension shows that the scale

been corrected to the nadir (ie. solar angle directly over of resolution is important; the analysis of macro-patches S

frequen~cy
60

40--1
20-20 . ii , I-, -

aIi l Lba I 20 2u

0 50 100 150 200 255
dark gre7-scale values hght

FIG I R E 4 1ii stograrn of a s. r'ih trr•e fron thJ 19•O btiod (oitlined lfIt)

3I7I i •, I '' I(r p', I I ! I 0
370 . r ceerdtng~s 'f (;to(2onpuatartoo '1t7 Y .SIRC, SiT

I. 0 '.



M-

1' Ll LI L LJIiI~VILIL9~

should identif largest patch and use that as the boundary mentation of the tussocks from the invasion of woody

for further study. Thus landscape studies with fractals from plants, on the Flagstaff-Swampy Ridge.

raster images should be from the largest area and resolu-

tion possible. This will also avoid errors that occur from 7. Conclusions.

the straight edge of the sub-sampled area being included For h into the landscape. ortho-photographs and

in a patch's perimeter. fractal analysis are inexpensive and highly effective tools

6. Fractals and vegetation for the landscape planner to build up a database of the

fragmentation. area using GIS. As patches in the present study were de-

fined by the canopy cover, the fractal dimension does not
Figure 5 shows the tussock macro-patch from 1979 to show how the patches are occupied. The fractal dimen-

1990. Although entirely connected, this patch has been sion describes landscape boundary dynamicswhere inter-

pixel thinned (I in 10) for display. The woody plants in- actions between macro-patches are of interest. If small-

vade into the 'grassed' and tussock' areas. opening up the scale environmental conditions for survival of an invasive

tussock macro patch. They overtop the tussocks when plant are available from the interactions within the envi-

they expand. This increases the'woody' area and decreases ronment. it will tend to be in a landscape boundary zone.

the perimeter to area ratio. Expansion by woody plant Small-area analysis by a GIS with a plant database would

growth has meant that the boundary between the two identify the mechanisms of those forces that promote

macro-patches has become in-filled. This smooths out the change in the landscape. as would an integrated DTM-wind

complex area and decreases the value of D for woody field to show take-off sites. An overlay of the fractal di-

plants. mension for functional and measurable physical proper-

Miller (1994) noted that heterogeneity in the environment ties may be a profitable area for future research.

could be seen from the apparent "holes" in a patch. This

heterogeneity and fragmentation is shown by patch isola- Acknowledgment.

tion, where the macro-patch becomes opened up from This paper is from a thesis to be submitted in partial re-

within (Merrin and Wegner, 1992); smaller units become quirement for the Master of Science Degree, University of

separated from one another as connections within the Otago. Dunedin, New Zealand. I wish to sincerely thank

macro-patch disappear. These patches have lower D val- my supervisor, Professor Peter Holland for his encourage-

ues, and may be stable as individuals and patches resistant ment, and the two anonymous referees for their construc-

to invasion, unlike the hypothesis of Forman (1997). Thus tva comments. Mo Rich Mo Dhuthaigh.

what the contrasting fractals show is the dynamic frag-

FIGURE 5 Fra.gentation of the tussock macro-patch (shaded)
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.1. Introduction ucts and solutions - that will be required from such data -

Neural networks are now accepted tools in many areas of there is a pressing need to maximise our effort towards

business and science; comprising an important group of devising new and/or alternative approaches to the prob-

powerful emergent data-driven technologies, sometimes lematic task of storing, manipulating. and processing spa-

described as a "solution looking for a problem". Reason- tial information. Neurocomputing offers one possible an-

able simulation programs are now available in the form of swer, and to help foster "increased awareness" of poten-

commercial and public domain packages - for both UNIX tial neural network solutions within the geographical sci-

and PC platforms. These modern computer-based solu- ences. three simple experiments have been carried out in

tions have various distinct real-world operational uses;their an initial attempt to explore the opportunities associatAd

practical implementation can be achieved in several alter- with employing neural networks for replicating, improving,

native modes (pertaining to their association with existing and creating raster-based products. In each case the pro-

ideas and methods); and they possess a number of signifi- posed solution demonstrates the capabilities of this novel

cant computational advantages that can be profited from approach to tackling otherwise complex mapping and map-

e.g."intelligent" data analysis and/or modelling, high-speed based-modelling problems. The results of this exercise are

information processing, and robust data handling/error best visualised in graphical form using appropriate maps

tolerance. However, within the geosciences, the applica- and diagrams - which are provided here and on the ac-

tion of neural networks has thus far tended to focus on companying poster.

the mundane replication of existing equation-based tools

- or on solving problems that are of a simplistic or other- 2. Replicating Multiple Maps

wise straightforward nature e.g. satellite inige classifica- New methods are needed to overcome the two related

tion. At the heart of this bottleneck lies a fundamental spatial data handling problems of information storage (enor-

belief in existing solutions and an unwillingness to explore mous volume requirement) and data retrieval (rapid ac-

beyond that which is known and trusted. cess requirement). If raster maps, either alone or in re-

Much of our existing available geographical data resides as lated groups, could be replaced with neural network mod-

grid-based maps or models within a raster GIS; and satel- els - the storage space requirement would be reduced to

lite information continues to be supplied in a similar for- minuscule levels and information processing operations

mat - albeit spread across several different spectral bands could switch from file-based data retrieval (slow) to chip-

- at an ever increasing rate. In order to cope with the based data computation (fast) procedures.

anticipated growth in demand for future geographical prod- Brakensiek & Rawls (1983) in their work on the use of
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infiltraton procedures for estimating runoff produced a central 1000 x 1000 su block. 5,000 random point

number of"soil texture look-up charts" - from which can samples were taken from wichin the area of each original

be obtained various parameters associated with the triane on each map. the co-ordinates for this operation

"Brooks-Corey Soil Water Retention Equation" (Brooks being held in a random lookup table, generated from a

& Corey 1964) and "Green-Ampt Infiltration Equation" uniform distrbution- with the extracted data being writ-

(Green & Ampt. 191 1).These charts were developed from ten to file.The final data contained 20,000 patterns, corn-

simulations based on c, 5,000 soil data records and are prising 5.000 points for each level of porosity change, and

said to represent average soil conditions prior to a par- with each pattern contaning five variables:percentage sand;

ticular agronomic practice. Each chart comprises a three percentage clay, percentage porosity change; effective po-

dimensional surface, plotted as a limited number of isolines rosity and saturated hydraulic conductivity. All five van-

in soil texture space, and has a triangular format: x-axis ables were then subjected to linear normalisation between

being percentage clay, y-axis being percentage sand, and z zero (lowest possible value for that variable in the dataset)

value being the required soil parameter. Different charts and one (highest possible value for that variable in the

were produced for various different organic matter per- dataset).The normalised file was split into two equal data

centages, with each "soil parameter and organic matter sets; one for training the network. the other for split-sam-

percentage combination" comprising a set of four triangu- pie validation purposes.

lar diagrams, wherein each triangle represents the percent The Stuttgart Neural Network Simulator was used to con-

age porosity change associated with a different level of struct a two-hidden-layer feedforward network with a

surface compaction. Two soil parameters were selected 3;12: 12:2 configuration and with all appropriate connec-

for modelling viz, effective porosity [cm3 cm-3] and satu- tions enforted.The input nodes were for percentage sand.

rated hydraulic conductivity [cm hr- I].The relevant charts

were those pertaining to the 0.5% level of organic matter. percntae clay and pectage porosity an T out-put nodes were for effective porosity and saturated hy-
There were eight charts in cocal - comprising four triangu- draulic conductivity. Network training was undertaken

lar diagrams for each of the two soil parameters - with using "'backpropagation without momentum". The learn-

each triangle representing a different level of porosity ing rate was reduced according to a sliding scale at pre-set

change associated with surface compaction (0%, 10%, 20%, intervals and the network was observed to converge in a

and 30%). The eight isolines charts were digitised using smooth and uneventful manner. Training was stopped at

ARCOINFO. To increase the number of significant figures 30.000 epochs. Error reduction was observed to be al-

and facilitate later integer-based processing the isoline val- most non-existent after 30,000 epochs indicating broad-

,e- f'-r effective porosity and saturated hydraulic conduc- scale convergence. The average final sum squared error

tivit? were multiplied by 10,000 and 1,000 respectively.The per output node was just over 0.36 normalised units. At

digitised vectors were convrted to node-based point data ea,:h point of charge in the learning rate both training and
and all points reflected in space using a bespoke awk script validation dataset were passed through the trained net-

- thus extendinL their actual borders - to help minimise work in its non-training mode and network output plot-
the production of spurious edge effects in subsequent in-S~~~~~~~~terpolation operations. Eight interpolated raster surfaces tdaantmdlor•.I l ntne h w lt

were quite similar - whicil is indicative of good generalisa-
were constructed from the expanded point data in GRASS tion and modelling. Scatterplots for the valit ion data at

(Geographic Resources Analysis Support System) using tion ad mod the p are ioncdatarathe final stage of the learni~'g process are reprodluced here
"regularised spline fitting with tension and smoothing" in Figures I and 2.Whilst some almost insignificant dis-

(Mitasoiva & Mitas. 1993a & 1993b). Each final map com- crepancies can be seen to occur in the uppermost and
prised a raster grid of 2000 x 2000 cells - with the original lowermost sections - in each case the end product other-

triangle being located in the upper lefthand corner of the

.I76 .!e.i '7ILrI' 'I I I
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wooe exhibits a nea perfect agreemenor betwen obserWd 3. Improtving Existing Maps
andl predlicted values.This extperkment *algether dernon- AN maps hav eror - -rons th ost__or er

stuaes the unharnessed potential of usaw neural networks stasstmm suilaes constructed from sparse and Wn'qular

to model smooth map surfaces, point distributions. Nediertheless. somne maps will of

course be more accurate than others, and the contention

09 Tod no wilsih udS00 v .N daV un d ab pafsme at 300M sec.hi

0.7

03

026

01.

00

0000 01 0'2 0'3 0'4 0,5 0,6 0'7 0,8 0,9 1 0

Figure 1: Modelling eJjeative porosity values derived [rom soil te~xture look-up charts with an artificial neural
network. Scale is in normalised units. Line of perfect agreement drawn in black.

1 0

09 Tesing wih first 4000 vaidadon dabm patems at 300 epochs

07

*04

03

02

01

a_ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ 0

00 02 03 04 05 06 07 0.8 09 1 0

Saturated hydraudic consductivity surface

Figure 2. Modelling saturated hydraulic conductivity values derived from soil texture look-up charts u'ith an
artificial neural network Scale is In normalised units. Line of perfect agreement drawn in black.
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hare is that good continuous distributions can be used tw shiro (sudisc-oast) to Carlisle in Cumbria (north-west). and

flter out (legitimise) the numserous spatial inconsistencies comiprises a diverse arme encompassing the north west
that exist within thewr poor or erroneous counterparts. it seaboard, the lowlands of the Lancashire Piauin, and the
is quite feasibl, for a neural network to model all possible malor upland areas of England (including the Lake District

domain within a spatial database mncludinl those impor- and Pennwies). There are 1.364 raingauge sates in this re-
tamt relationships that exist both within and between the Von and most of themn are in the lowlandsi (Figure 3). In
various individw components e.g. if a network is trained the uplands, there are few raingauga sites, and their spatial
with a combination of locational (r elativ or absolute) and and alovational distribution is quite uneven. The Wnorrna-

multiple environmental data than the solution surface will tion collected at these sates is used for constructin inter-

perforce be all embracing. The neural network would use polated surfaces of average values, and these surface val-
otherwise unknown relationships that exist within the spa- ues are in turn used to calculate water balances for
dial data to form its model, thus providing a multi-source reservoired upland catchments, which provide potable
holistic tool for predicting the spatial distributions of onvi- water for cities such as Mancheser. The LTMAR surface
ronimental phenomena, which could operate at the level was generated to a S0m grid, using gaussma kriginginAKC/

of an individual cell within each raster grid. This protess INFO. It contained a lot of internal smoothing~often across
would provide a robust error-toleranvt multi-dimensional large areas where there had been little or no original in-
non-linear solution to what is otherwise a difficult model. put data, and had serious edge problems. Additional sur-

ling task; and at the same time create a mechanism that face information was available in the form of an O.S.-,and
could be used to recognise and remove tangible inconsist- Form Panorama" 50m x S0m raster digital elevation model.

encies. from which slope and aspect values for each cell in the

An interpolated map of long term meana annual rainfall raster grid were computed, using standard GIS tools. A

(LTMAR) for the period 1%6 1 -1990 was construted for variance surface (confidence measure) was also generated

North West England (I 3.OO0kni9) based on raingauge data assa natural output of the kriging operation. In this investi-

This is a large region that extends from E8uxton in Derby gation the aim was to model the general relationship be-

$ 35

30

-25

0 20-

S15 - 0Raingauges
Ca M Area

S101

5_

0-

6

Elevation (in)

Ffrure 3: Efev'atonal distribution of raingauige sites in North West Eyngland,
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twoon a combination of topographic and locational fac- co(aspoct), sin(aspect). and kriged vace. The output

tors (indepndent variable) a- the k••d LTMAR ma p de was for kriged LTMAP. Network tramun was under-

(dependent va•r•ie) - based on the recognised inlluence taken using "backpropegaton without momentum". The

of terrain on rainial -with dt ultimate goal of creating a learning rate was reduced according to a sliding scale at

mechanism that could flter out (litimlse) the most obvi- pre-set intervals and the network was observed to con-

ous inconsistencies. 16.000 random points we r sampled verge in a smooth and uneventful manner - ai!ei with

from the fi raster laers in the GIS database (eievato sharp drops at each charge in the Warning race. Truning

slope, aspscvariance and LTMAR maps),the co-ordinates was stopped at 30.000 epochs Error reduction was ob-

for this operation being held in a random lookup table, served to be almost non-existent at this point indicating

generated from a uniform distribution - with both sam- broad-scale convergence.The final sum squared error for

pling coordinates and extracted data being written to file. the output node was just over 2.67 normalised units. At

Given the circular nature of "aspect" these values were each point of change in the learning rate both aining and

transformed into their sine and cosine equivalentsAll eight validation datasets were passed through the trained net-

variables were then subjected to linear normalisation be- work in its non-training mode and network output plot-

tween zero (lowest possible value for that variable in the ted against model output. In all instances the two plots

GIS database) and one (highest possible value for that vari- were quite similar - which is indicative of good generalisa-

able in the GIS database). The normalised file was split tion and modelling.A scatterplot for the validation data at

into two equal data sets; one for training the network, the the final stage of the learning process is reproduced her

other for split-sample validation purposes.The Stuttgart in Figure 4. Throughout most of the plotting space the

Neural Network Simulator was used to construct a two- output data exhibits a modest spread of values; there are

hidden-layer feedforward network with a 7:18:18::1 con- no major oudiers, and the general trend has a close asso-

figuration and with all appropriate connections enforced. ciation with the line of perfect agreement - with values *
The input nodes were for easong. northing, elevation, slope, both above and below it - thus providing further evidence

1 0

09Tedn with is 4000 vaeidalon data paeoms at 30000 epochs

08 5
07

06

05

03

02

01

00
00 01 02 03 04 05 0.6 07 08 09 10

LT*AR

Figure 4 Modelling Long T nrm Mean Annual Rainmall in North West England uith an artificial neural netunrk
.Scale is in normalised units Line of perfect agreement drau,n in black.
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a) Kriged LTMAR lbeforel b) Adjusted LTIAR laftri
Range 1150mm (light grey) to 156 6 mm (black) Range = 1]2 3mm (lght grey) to 150 9mm (black)

Figi,: ii p f":ruz Mealn Ainimal Raia atall matl far the: Rutwhdll-c Thedrordeln aica

of good modelling. In the uppermost sections of the plot tive correlation, + 0.89).There also remains a reasonable

a slight but nethertheless consistent underestimation is positive correlation between the original and corrected

observed.These high values are concentrated in one small LTMAR maps (+0.58) which is a measure of the level of

geographical area - the Lake District - which is therefore adjustment that has been made. It is logical to assume

perhaps not modelled to the same standard as the rest of that a good result would produce a positive "middle of the I -

this region. range" statistic since a high correlation would indicate in-

Two representative windows were next selected and ex- sufficient alteration (overfitting) and a low correlation
would indicate excessive adjustment (underfitting). The

tracted from the GIS database, converted into the required

format, and pý.ssed through the trained network viz.: a results also show a marked decrease in ITMAR for high

mountainous area with high absolute adjustments (Lake rainfall values and a marked increase in LTMAR for low

rainfall values (high negative correlation between originalDistrict. 267km
2

) and an inland area with low absolute

aLTMAR and neural network adjustments. -0.72) which isadjustments (Rochdale-Todmorden, 192kin ). The outputs

from this exercise were shipped back into the GIS thus instructive.This experiment altogether demonstrates the
unharnessed potential of using neural networks to form

creating two corrected LTMAR maps that could be used

for visual and statistical analysis. Before and after maps complex spatial models at the regional scale - for error

are provided for the Rochdale-Todmorden area in Figure trapping, surface adjustment, and data investigation pur-

5. These two maps exhibit a similar range indicative of poses.

detailed adjustment and fine-tuning (original, I 150-1566mm;

corrected, I 123-1509mm) and the corrected map exhib- 4. Creating New Maps

its numerous minor modifications throughout - the ex- Derived products created using either standard or bespoke

tent of these changes ranging from -252 to +199mm. GIS functions are now commonplace e.g. slope.aspectmand

Moreover, in accordance with theoretical knowledge about flow accumulation maps generated from digital elevation

the relationship between elevation and rainfall, the final models. Nethertheless, several standard GIS algorithms

map now better mimics the elevation surface (high posi- are now criticised in the literature as being grid-square

I8 II > 1 I I II 9 9
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cassem-eanpe and commeq a uro a stateg simples tic .sd using the symbok m methodb of dienrt
or inprpit algorihms bing• applie in an unskilld endal calculus to obtain a partaia deuriative of t~he ogi~nal

manner - diem a ohmn a deltrous• knock-on oghict (Zhou equation in both x and y, dirctions (ions, 19%). The true

et al., 1997). Moreow•, standard mcdlln practice requires slope value at a particulr pint on the surface can then

one to choose bewe a limnited number of alternative be determined from the par-tial derivatives in the manner

sytr-eedn equation-based staeis and it is of- desribed by Sharpnack & Akin (1 %9) i.e. gradient in the

ten the case that one or more intermediate rasters must down dip direction 5.000 random point samples were

be computed and stored from a tedious succession of frunc- generated from the original equation and its partial de-

tional operations. With proper training however it is en- rivatives, comprising a grid of nine elevation values with a

visaged that better results could be obtained from a neu- 10 unit (I OOm) offset, together with local slope value for

ral network solution that incorporated either standard the central point - the co-ordinates for this operation be-

inputs or standard inputs plus additional terrain-based in- ing held in a random lookup table generated from a uni-

puts; the latter facilitating a more informative description form distribution.All five variables were then subjected to

of the local point-based area. Such models could also in- linear normalisation between zero (lowest possible value

corporate two or more simple processing operations and for that variable in the dataset) and one (highest possible

generate appropriate data values "on-the-fly" - thus re- value for that variable in the dataset).The normalised file

ducing the overall intermediate data storage requirements. was split into two equal data sets; one for training the

network, the other for split-sample validation purposes.Morrion's trigonometric surface (Morrion, 1971; 1974)

is a single equation that takes the form of 49 sine and The Stuttgart Neural Network Simulator was used to con-

cosine terms all added together, and represents a least- struct a two-hidden-layer feedforward network with a

squares fit to 121 data points read from a square lattice 9:12:12:1 configuration and with all appropriate connec- *
on Hsu & Robinson's (1970) Surface III, which is a real tions enforced. The input nodes were for the nine eleva-

topographic map. This "equation surface" can be proc- tion values. The output node was for true central slope.

1.0

09 Teoing with validaton data at 2100 epochs

0,8

07

106
I105

I03
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01

000
00 01 0.2 0.3 04 05 0.6 07 08 09 1 0

True malhemoicai slope

Figure 6: Predicting slope values from grid squares on a trigonometric surface uith an artificial neural nettwork
Scale is in normalised units Line of perfect agreement drawn in black
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Network training was undertken using "bapropaon strae procln ei More rigorous

without moan ". The Werng rae was reduced ac- detailed experimentaton should therefore be undlertaken

cording to a sliding scale as pr'-set intervals and the net- in order to advance the current sate of knowledge in this

work was observed to converge in a somewhat iregular ara of science.

manner - with the error curve following a jagged stair-

csed, downhill path- -us t s in" this might not be 6. Acknowledgements

the most efficacious modelling solution. Training was The Stuttgart Neural Network Simulator (SNNS) was

stopped at 20.000 epochs. Error reduction was observed developed in the Institute for Parallel and Distributed High
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non-trainrin mode and network output plated against ved the equ s for experinent three,
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Abstract databases required special data structures (Samet 1990).

This paper advocates the s of common data this should hardly be a handicap anymore (Varnu. 1991;

analysis by applying the techniques used in (geo-)spatial Nieuwenhuils. 1995), and it is time that we free ourselves

data analysis to any form of attribute space. It proves the of the mental straight iacket that current geographic infor-

distinction between spatial and non-spatial data to be an mation systems (as well as other geospatial software) im-

artificial one. New light is thrown onto the discussion of pose on us.

the relational database model and its applicability in spatial Space is one of the fundamental human experiences. Cog-

procedures.At the same time, the somewhat halted inves- nitive studies (Mark, 1989; Golledge. 1990; Nyerges. 1992)

tigation of simplicial structures as a means of analysing prove that people tend to"spatialise" many aspects of their *
spatial relations is expanded by using them as a form of everyday life. As such, spatial metaphors (Kuhn. 1992) are

representation of combinatorial concepts. powerful means of categorisation (Rosch and Uoyd, 1978;

Lakoff and Johnson, 1980;Johnson, 1987; Lakoff, 19W7). they

I Introduction help us to strur.ture the complexity of reality. Research in

Classificatior schemes are an impress of the human brain multidimensional domains, such as in environmental appli-

on a set of data (Gould, 
19 8 1

. p. 299). they do not depict cations.face a similar problem of complexity. However, they S
reality and destroy the richness of ambiguity. Research in do not yet employ such cogent concepts like neighbour-

combinatorial mathematics and algebraic topology (Atkin. nood, proximity. or shape.The methodology introduced in

1974) and the number crunching capabilities of today's this paper overcomes the schism between spatial and non-

computers help us to handle creativey the additional com- spatial data by treating each non-spatial category as an-

plexity that set-based approaches imply. AlI the current other dimension. Since the analysis of high-dimensional data S
research in fuzzy technologies (Davis and Keller, 1996; is difficult to conceptualise, methods of combinatorial to-

Dawson and Jones, 1995; Jiang and Kainz. 1996; Molenaar. pology will be used to represent and reason in n-dimen-

1996; Usery, 1996) bear witness of the renewed recogni- sional space. This paper is the third in a series of publica-

tion of the richness of ambiguity as the backcloth that holds tions (Albrecht and Kemppainen, 1996; Kemppainen and

our data together Albrecht. 1996) where the author develops a formal frame-

One of the biggest myths in spatial analysis is the singular- work for the extensibility of spatial operators and the first

ity of spatial data.While there is some justification to the where algebraic specifications as well as graphical language

fact that, historically. the efficient access of large spatial are employed to overcome the limitations of current rep-

resentations of the spatial domain.

I n~ Ii 171II...1
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2 Spatialisation of Attribute Space depicting each n-dimensional object as a n-simplex (see

The traditional concepts of spatial reasoning do not need Table I and the corresponding Figures 1-3 in the appendix).

to be restricted to the two geometrically defined vari- The concept of Q-analysis' introduced byAtkin (1974, 1977,

ables that are usually employed to describe a given loca- I9 I) provides a uniform formal, set-based approach to

tion on the earth's surface.They can rather be applied to the definition of space that lends itself to the definition of

any conceivable space and thus create attribute landscapes, a new spatial data modelAttempts into this direction have

Following Goodchild's (1990) definition, geographic infor- been made by Egenhofer and Herring (1990). however, their

mation consists of a location ý. y and parameters <Z. z1 I approach is geared toward geometry only and lacks the

z,> measured at this location forming a tuple T = <x, y, z,. degrees of freedom offered by Q-analysis. Due to length

Z2 ... , z,>. In general, these variables can be mapped to a constraints enforced by the editors, only the additional

continuous scale and represented as vectors, or more spe- advantages of Q-analysis 'iver what has already been pre-

cifically. as axes that put up an n-dimensional space.Thus, sented in the Maine school will be presented here. The

each attribute can be a dimens.on just as time is used as interested reader is referred toVanacek and Ferrucci ( 1991 )

one dimension in change detection analysis (Macleod et and Faltings (1995).

al., 1993; Yuan. 1996). although it will be argued further
Each row in Table I can be represented by a simplex (see

down that time is n-dimensional as well. Since each axis is

a vector, all the topology-based rules of spatial reasoning Figure 3 ab,c. fg).Together they form a simplicial complex

apply in these non-geometric, better: not earth-referenced, KY(X, I) where I symbolises the relation between X and Y

SXes. Hence the term 'spatialisation' of attribute space. (the whole process could be inverted by looking down

the columns and thereby analysing KX(Y. I)). Each simplex
The sp-tial metaphor may just as well be employed for can be disrected into the faces that it is made of.The easi-

attribute landscapes and the mere existence of scatter plots, est example is the three-dimensional Y, (see Table 2). It

as they can be found in a number of current statistical consists of one 3-dimensional face (a tetrahedron). four 2-

packages, proves that this idea is not far-fetched. However, dimensional faces (triangles). six I -dimensional faces (lines)

this scarcely utilises the abundance of spatial metaphors and four 0-dimensional faces (points).The faces are q-con-

for explorative data analysis (Aspinall and Lees, 1994). One nected if they share (q + I) vertices.The notion of q-level

example for innovative use of attribute space in a geo- can be understood as a kind of filter that restricts the

spatial application, is Gahegan (1996) who visualises at-

tribute landscapes using slope, flow length and accumula- Atkins 0-analysis is an unfortunate denominator for an

tion to depict a hydrological data space. analytical technique that has nothing wh; •soever to do

One way to represent those n-dimensional spaces is by with Q-mode analysis known in factor analysis.

X X X2  X, X, X5  X, X, X. X, X.

Yý 0 I I 0 I 0 I 0 0 I

Y I 0 I I 0 I I I 0 0

Y, 0 I 0 0 I 0 0 I I 1

Y, I I 0 I 1 0 I I 0 0

Y, I 0 0 0 I I 0 I 0 0

Table I A simplicial complex in matrix form

I I I i 'Ii iH r ,
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q-,l) 3 Relevance to the Application of GIS
3 ix, X, X, X,) Analysis in Social Sciences

2 x, xj (x, xj xX,xi {X, x, V ( x,• x J Couclelis and Gale (1988) define a hierarchy of higher-

0 {x,} PJ {xj level spaces that start with the conventional Euclidean space

but then extends to physical. sensorimotor, perceptual,Thbht 2 l)•.ssecton of the n-dune~nsumnaf srmpte.• Y,

into 0-(n-1)-dimensional faces cognitive and finally symbolic space.While they focus on

algebraic group theoretical notions, it is presumed here

view onto the simplex to the dimensionality q. This filter that these spaces can only be sustained by releasing some

has the same effect as living in Abbot's (1884) 'Flatland' of the restrictions of higher-level mathematical spaces, i.e.,

where it is impossible for its inhabitants to perceive any- advancing the hierarchy of Couclelis' spaces we have to

thing of higher dimensionality (with all the consequences descend the ladder of mathematical spaces. Arguably, the

marvellously described in this little novel), best setting for reasoning in cognitive spaces is then rela-

A tional space with some of the methods of Q-analysis.
The dimensionality of a simplex is called top-q (q ) and

the dimensionality at ~vtich it begins to connect with other Cognition is based on experience.We constantly enhance

simplices bottom-q (q ). These two indicators can be our cognition by adding experiences to our structural

employed to define a measure of model of the world with our current cognitive state being

a cover set of all previous experiences (faces) of what con-

(q+ ) -(q- 1) stitutes the (simplicial) complex of our cognitive world

Eccentricity A model. Q-analysis is the only tool known to the author
(q +) that allows to analyse the natural complexity of experien-

which neatly describes the connectivity of a particular sim-

plex in comparison to global connectivity within the tial space-time, especially with respect to the parallel uni-
verses of members of a community. It opens a whole new

simplicial complex.A global measure of structure is given

by the structure vector Q.which is determined by the n r set of opportunities for the analysis of time lines (/prisms)

of q-connected components for values of q from 0 to dim introduced by Hagerstrand (1975), and only sporadically
followed up (e.g. Miller. 1991; Forer. J 993).As an add-on, it

K. The simplicial complex in Figure I is fairly well inter-

connected allowing for high-dimensional traffic between fuels the discussion about the nature of time as discussed

the individual simplices. Figure 4 is a realistic example of an in various standardisation committees leg. the Intera-

organisation consisting of several well-functioning depart- tional Standards Organisation's technical committees on

ments which are only loosely connected via I -dimensional Gonorsino tutrdQeyLnugs h

simplices. Communication across the q-hole is restricted ponder about its characterisation by attributes or as a

to this one dimension and the effect is the same as the dimension. Figure 5 depicts the at least two-dimensional

experience of a cube living in Flatland. Depending on the nature of time.

degree to which a q-hole reduces connectivity within the The comparison of different structure vectors and the
complex, it can be regarded as an obstructive object of analysis of obstruction areas provides insight to the forces

value q. Applied to social activities, q-holes describe the that result in a particular structure (and if the matrix in-

limitation of freedom that an individual experiences in a cludes locational information to the social construction of

particular structure, space (Gregory and Urry. 1985; Lefebvre. 199I )). Q-analy-

sis is a tool that permits the simulation of different sce-

narios for changes in the (infra-) structure of data matrix.
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Figure I Simplicial complex K Y(X, I) representing the matrix of Tabile 1

X5  X
X6 •I

0-simplices: XI X5  X6  X8

1-Simplices: X5  X 1  X6---- X .. "2c X' 5 X

X6X6 X6XX5 X~1  x 5
2-simplices: x/liŽz.,

" 6 X 8

6 6

Figure 2 The 3-simple.x YS(X) and its decomposition in 0-, V, and 2-d6mensional faces
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a) the 4-simplex XX)

X4

b) the 4--simmpplexx )X)

X, X9 X, ) the 5-simplex )(X) X

d) the 2-face between yandY

e) the 2-face between Yand X.

X .. X ,

X7

f) the 5-simplex 4yx) g) the 3-simplex (X)

Figure 3 The five simpiices that make up KY(X) u'ith tu'o1 M~mPles of n-dmninl(omncto ne- ae
between tw~o members Of l< Y(X) each.-dmnial(o uictnite)fcs
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A~ure 4 q-hole narwn -iesonltaf3duntoIdmninloe

y

past.

Figure 5 Fwe-diinenswonal space-time continuum (the 2-dimensional shaded time-mntrvnal must be thought to be
expanded to the other Euclidean dimensions as well) (adapted from Atkin 1981).
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1. INTRODUCTION difficult to interpolate local climate to other adjacent a-

In mid-latitude areas, variation in local temperatures asso- eas. This paper describes the developent and testing of

ciated with topography is a significant factor that needs to an empirical model for predicting the spatial variability of

be accommodated in environmental models and future soil temperature within dte central South Island high coun-

land-use strategies. Quaitively variation of temperature try of New Zealand which is based on site characteristics

within complex landscapes is well understood. However, which can be easily derived from a digital elevation model

quanticaton of these patterns has been limnted. Tern- (DFM).

peratures measured at standard climate stations give a

broad indication of spatial and temporal variations in re-

gional climate but do not explain local patterns of climate Temperature data collection

variation. However, sites for climate stations are selected Temperature data were collected from 43 sites in the

to conform to standard conditions (i.e., flat, large fetch. Grampians range in a stratified sample grouped by eleva-

unshaded, etc.) to allow easy comparison between sta- tion and aspect (Fig. I). Sites ranged in altitude from 600

tions. Data collected at such sites are frequently not rep- to 1800 metres, and within each altitudinal stratum sites

resentative of much of the surrounding area, ane estimat- approximating the four primary aspects (i.e., north, east,

ing local climate from nearby standard sites is likely to south, and west) were sampled. At Glentanner some 50

involve significant error. km to the north west, a further 27 sites provide a similarly

Previous attempts to explain spatial variation of tempera- stratifed and replicated sample from 800 m to 1400 m.

ture in New Zealand have focussed largely on empirical Attributes recorded for each site included altitudeaspect.

modelling and/or spatial interpolation from existing stand- and slope. Aspect was recoded into degrees south of north

ard climate station data. Typically. site properties such as (i.e.,0 - I80°). Temperature data were collected quarterly

latitude, altitude and distance from coast are utilised in (February. MayAugust. November) using a hand held dig-

these approaches (Norton. 1965). While these may pro- ital thermometer probe lowered down 20 mm diameter

vide acceptable regional results, they are not adequate for PVC access tube embedded 0.75 m into the ground with

establishing local scale variability where factors such as its lower extremity sealed by a protruding aluminium alloy

aspect are significant. Of the meso-scale climate studies plug to provide good thermal contact with the soil. A

in New Zv-and only Turner and Fitzharris (1986) haft water/anti-freeze mixin each tube (to a depth ofapproxi-

explicitly sampled a landscape. However. their sample did mately 5 cm) provided good thermal contact for the tem-

not incorporate factors which could easily be mapped au- ierture probe.

tomatically (e.g, elevation, slope, or aspect). This makes it
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The site attribute da (independent varia•,s) and soil 3. RESULTS
temn-ur data (dependent vaiable) were analysed us- Correlation coefficients (r) from the seasonal regression

ing mukiple linear regression to derive an empirical model analyss were high. rang from 0.83 to 0.96.These sea-

relating soil temperature to site characterstics (akitude, sonal regression models. a 25 metre resolution DTM, and

"aspect and slope) for each season. Data fro both net- raster-based GIS were used to derive maps illustrating

works of sites were used to calculate rressbon mterac- patterns of soi temperture vanraon ovr the 144 km2

tion terms to determine inter-site variability of regression study area (e.g.. Fig. 2).

coefflcients, giving an indication of the model's applicability

to the surrounding area, which is one where a significant Regression interaction terms between elevation and loca-

tion (0.00 1 ), and aspect and location (-0.003 to 0.001) are
rainfall gradient occurs, small (Table I), and clearly indicate that the regression

Degrees centigrade

4
5
6
7
8
9
10

II
12
13

,,. 14
15
16
17
18
19
20

S

Figure 2 Map of'soil temperatures jor the Grampians Range, February (ssummer) 1992, based on regremsion model
and Zi m resolution DEM. SoilTemp = 23 188- 0 007 (altitude) - 0 022 (aspect) - 0 016 (slope), r =0 893
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Date Constant Altitude Aspect Slope Location/ Locaton/ Location/

___altitude aspect slope

February 93 20.897 -0.007 -0.018 0.014 0.001 0.001 -0.028

May 93 14.694 -0.006 -0.025 0.039 0.001 -0.003 -0.026

August 939.161 -0.005 -0.025 0.051 0.001 0.000 .0.039

November 93 18.028 -0.006 -0.022 0.030 0.001 -0.002 -0.019

1993 15.692 -0.007 -0.022 0.033 0.001 -0.001 -0.028

February 94 23.391 -0.007 -0.024 0.031 0.001 0.001 -0.017

May 94 14.903 -0.006 -0.029 0.048 0.001 -0.0031 -0.022

August 94 8.257 -0.00S -0.015 0.023 0.001 -0.002 -0.035

November 94 18.365 -0.009 -0.0s8 +0.020 0.001 -0.003 -0.004 1

1994 15.837 -0.006 -0.022 +0.021 0.001 -0.002 -0.025

"Tlable 1: Results oa'combined regression analysis. The constant, altitude and aspect columns represent regres.lon
coefficients fbr data from both sites combined. The locational interactio•i terms nve an indication ot the difference
in regression coefficient values betueen the two sites

model is sufficiently robust to be applied throughout the 5. ACKNOWLEDGEMENTS
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patterns of spatial variation in soil temperature. The strik-
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I Introduction DBMS requires this many to many relationship to be bro-

Graphs are an ubiquitous part of Computer Science, as ken down to a one to many relationships (Figure I).Thus

well as many other fields. Spatially embedded graphs are a the graph semantics is lost in the final representation lead-

common feature of many urban geographic applications. ing to inefficient handling of graph traversal. Within the

Transport, utility; population all occur along spatial net- object oriented paradigm it is appropriate to consider

works.The study of abstract graphs is an established field new models to explicidy capture the graph semantics.

within discrete mathematics.The study of spatially embed- Guting (1994) explores a graph model where the many to

ded graphs however is a relatively new field. Commercial many cyclic relationships are explicitly recorded in a data-

packages that handle spatially embedded graphs do so at base schema thus capturing the graph semantics.The defi- 4
the most basic level (ESRI 1992) We have put together the nition of an edge class which is a many to many relation

issues identified by others and the author on this subject. between objects of another class defines a graph. An or-

A comprehensive design for handling spatially embedded dered collection of edge objects that are serially con-

graphs in geographic applications will be a goal worth nected defines a path over the graph. The path concept

exploring.The issues identified are, over a single graph does not add much value to the data

model. However it is possible to define multiple edge
I.A graph model with associated query language classes in the database schema. In other words we have
2. Multiple representation of graphs multiple graphs that could share common objects as their

3. Subgraph maintenance nodes.Thus a path can be defined over edges from many

4. Dynamic segmentation edge classes. A good example is public transport (Guting

S. Spatial indexing of linear spatial objects 1994). The physical network of routes, lines over which S
The first three issues above can be dealt with as graph services exist, and the time schedules can all be repre-

issues without reference to their geometric attributes. sented as separate graphs with shared nodes across the

The last two arise purely from geometric considerations. gra

2 Graph model 3 Multiple Representation

In terms of the entity relationship model a graph must be As in any geographic applications multiple representation

represented as a many to many cyclic relationship. The of the same physical graph must be considered.With re-

graph semantics is captured in the cyclic relationship. Im- spect to spatially embedded graphs multiple representa-

plementation of this cyclic relationship using traditional tions arises from two requirements. One is when data

ý I k]1 ý E li-! ý F,
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FMgure I

represented in disparate coordinate systems are to be

treated as one seamless graph. Electrical networks with ,

schematic diagrams of sub stations and cross section data -
of major junctions are an example. Newell et al (1994)

provides a means of pluging these graphs together as a

single graph for network analysis.The second use of multi-

pie representation is to represent graphs at many scales

and detail. 
FIgure 2

A simple solution to graph generalisation is shown in fig-

ure 2. Subgraphs(within the dotted line) can be treated as

a node at a higher level with all edges leading out of the

subgraphs to be treated as edges from this node at the

higher level. Problems arise with this approach since the

edges going out of the subgraph at the lower level may not FRgure3

adequately represent the edges from the node at the higher grouping subgraphs into nodes can be used to reduce prob-

level.Therefore we also need to create edges at the higher lem size. It is also known that different groupings can pro-

level to represent those edges leading outside the subgrph, duce different results.Thus it is necessary to solve these

Mainguenaud (1995) outlines a solution which permits problems with many different groupings to ensure that

subgraphs to be represented in the above fashion.The so- the obtained results are satisfactory.

lution is to setup the graph in layers where a strict hierar-

chy of nodes is maintained (Figure 3) Every node at a higher 4 Subgraph maintenance

level is effectively a subgraph. Some of the nodes at a higher Subgraphs are a recurring theme for handling spatially

level may not expand into a subgraph at the next level but embedded graphs-We have already identified some of these

remain as a single node. Each layer has its o vn collection in the previous sections. In a graph model the subgraph

of edges.The edges of a higher layer must also be related selection may be used to generate a graph reduced in size

to the edges at a lower layer. The scheme has a strict and over which a graph query can be applied. Subgraph group.

pr-wired hierarchy. Situations where different groupings ing for representing gr-tphs at many levels of granularity

down the layer is required exists. Location problems are a was described in (section 3). We consider the theme of

case in hand. These problems are solved using heuristic subgraph maintenance at a single abstraction level for a

algorithm or linear programming techniques. In both cases specific use.
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vide this access have been referred to as dynamic segmen-

tation (Dueker et al 1992).The object oriented paradigm

can be exploited to provide a uniform interface for ac-

cessing linear geometry. Naguleswaran et a2 (1996) explores

this idea further. Figure 5 depicts the idea. LSO (Linear

Spatial Object) is an abstract class for the three types of

linear geometry that can exist. BasicLSO is the represen-

tation of linear geometry using a series of points. SubLSO

is a linear geometry defined as a section of an existing

linear geometry. LinearConnectedLSO represents those

Figure 4 geometry formed by the concatenation of many other lin-

ear geometries in a network.
Location problems deal with the location and allocation of

services among urban population. Population in an urban 6 Spatial indexing of linear spatial ob

area can be modelled as a spatially embedded graph where jects

the nodes and edges are loaded with population and serv- The family nf PM trees (Samet 1989) index a network of

ices.The solution to the location problem is through heu- linear spatial objects over its geometric space. Another

ristic graph algorithms to create subgraphs.The subgraphs approach to spatial indexing of such networks is to repre-

thus generated must be maintained as the allocation zones sent such networks as a noce list with an edge list associ-

for the services (Figure 4). ated with each node.The nodes can then be indexed with

5 Access to geometry/IDynam ic point quad-trees (Samet 1989).The merits of these spatial
Segmentation indexing schemes for access in main memory as well as

access in secondary storage is worth investigating.
All issues of spatially embedded graphs considered so far

have treated the graph edges at a certain abstraction level 7 Summary

as a whole entity that is indivisibleAt the physical level the We have identified a hroad issue within spitial database

graph edges of spatially embedded graphs have a linear research namely handling spatially embedded graphs and

geometry. Application requirements exists that need to presented some important problems that must be ad-

access locatiors along this linear geometry. Examples are dressed in relation to it. Most of these are discussed in

locating physical features along street isolation in the literature. The author is working on the

networks, address geocoding, urban zones represented as issue of suhigraph maintenance as a tool for solving loca-

subgraphs where the subgraph includes only part edges of tion problems.

the base graph.
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Abstract ample soil mapping to a scale of 1:253.440 (4 mile to I

Two different methods of land classification are comparnd inch) and land use capability mapping was based on aerial

on the same area of land.The traditional method of classi- photographs and associated ground-truthing.

fying land from aerial photographs is compared with a Interest in accurate and quick identification of ecological

ground-based classification using a Global Positioning Sys- units within fenced blocks of high country pasture for a

tem (GPS). Both methods are utilised as separate layers in better understanding of the requirements for, and risks to

a Geographical Information System (GIS) to produce a their sustainability, lead to a consideration of alternative

geocoded database of two tussock grassland block areas mapping techniques incorporating ground based geocoding

on Tara Hills High Country Research Station, Omarama. of boundaries.

New Zealand. This was part of a larger study where pro-
A traditional map derived from aerial photographs was

ductivity. utilisation by merino sheep, and botanical com-

position of ecological units within high country pasture compared with a map produced by ground based field

are being measured, mapping using differentially corrected data captured with

the Global Positioning System (GPS) for the same area of p
Morphological structures and some vegetational patterns land.

can easily be identified on aerial photographs but are not

always representative of ecological units. Detailed ground- GPS is a US government maintained network of 24 satel-

based surveys are often required to produce large scale lites which are constantly emitting signals for global re-

land classification maps of smaller areas. GPS used in con- ception.Through trilateration, ranging, accurate timing and
with satellite position information, ground location of re-

junction with ground-based surveys appears to be a pow-

erful and very effective mapping tool, with additional ben- ceivers can be determined to an accuracy of about +/- 10

m. GPS allows rapid creation and updating of GIS (Geo-efits for geocoding; but is more expensive.
graphical Information Systems) databases now commonly

Introduction used in resource management and other fields.

Traditionally land use classification in New Zealand high S
country is broadly based on aerial photography. For ex-
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Effective mineral exploration requires a detailed knowl- the research aims to identify potential continuations of

edge of the factors and processes which result in the for- known ore bodies, and to attempt to locate new prospec-

mation of economic deposits. To apply this knowledge, a tive areas for gold mineralisation further to the south of

sound three-dimensional understanding of the geology and the present goldfield.

structure of a region is required. In most cases, surface The Wiluna goldfleld comprises a region approximately

geology can be mapped with a high degree of accuracy. 3km x 5km. and is situated in the northern part of the

however, the geology at depth has to be inferred from Archaean Yilgarn Block of Western Australia. approximately
geophysical methods, or through drilling programs, and is four kilometres south of the Wiluna townsite. The area

therefore mapped at much lower spatial resolution. This has been mined for gold since the early 1900s, and pros-

anisotropy in spatial-data quality, coupled with the scarcity ently compnises I I open-cut and underground gold mines.
of three dimensional geographic information systems (GIS), Geological information for the region includes detailed

makes computer-based exploration at a camp- or district- surface mapping and over 6.000 unevenly distributed drill

scale very difficult. holes, totalling in excess of 300kmn of core samples. The

The process of computer-based three-dimensional min- drill-core has been assayed for gold and gold-related ele-

eral exploration is being addressed at the Centre forTeach- ments, including arsenic, antinomy, and sulphur. Plans and

ing and Research in Strategic Mineral Deposits within the sections from mine construction activities provide detailed

Department of Geology and Geophysics atThe University three-dimensional information for limited areas.These data

ofWestemAustralia.A research project is in progress which have been entered into a 3D mining package, and a model

attempts to define a three-dimensional gold prospectivity of the surface and interpolated sub-surface geology and

model for the Wiluna goldfield.The aim of this research is structure constructed.This model will be used as a base

to gain a better understanding of the factors which spa- on which to conduct a gold prospectivity analysis

tially control the location of the known ore bodies, and Several GIS-based methods have been developed to as-
especially of high-grade zones within these bodies. Also.

Noc rdi !qs 7l I I
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sess and map prospectvity on a global to district scale 2- Data collection
using datasets such as geoloical maps. aeromagnetic and Data available for this proect includes

radiometric data. topography, and satellite imagery.

Pcti'vity mapping methodoloes can be split into two a) a detailed geological surface map at scale 1:2 500 pro-
duced mna previous research (S. Hg ,an 1992).This

broad groups: knowledge driven and data driven. Knowl- dueinapvosrsach(.Hgmn I2.Ts

edg drvel mehook~ ir~ole te pplcaton f cn- map is avial in digital format and was updated with
edge~~~or driven methormloion. invlv tnhude apliatoncn

ceptual models to appropriate spatial dataser, eas moercn ifratn.Iiclds an

datadrion ethdolgie too fo sinifcan a- lishostratigraphic units, first-, second- and third-order

structures, and measurements of azimuth and dip of

rounding geological features. Identified spatial relationships faults.

are quantied as mappable criteria and are ultmately ince- b) an extensive drillhole database including exploration
are~an quantition raors.h informatlo conttined anirnlimtlne

grated into a single prospectivity map.Techniques applied and evaluation records.The information contained in

with varying degrees of success include Boolean logic, in- the database includes-

dex-overfay, Bayesian statistics, fuzzy logic and artificial > 6000 drillholes (RC. diamond, evaluation)

neural networkts. > 375 000 meters of drill

> 200 000 Au assays
The majority of assessments to date have been two-di- > 95 000 geochemical assays

mensional in nature and normally conducted at a scale > 9S 000 magnetic susceptibility of host rock meas-

where deposits can be adequately represented as point urements

features.This research has the additional complications in > 15 000 rock descriptions

that the third dimension must be addressed, and that the detailed geological maps of pit and underground works

scale of observation is such that ore-bodies have a definite and interpreted geological cross sections. *
volume, and cannot be regarded as simple point objects.

Although present mining packages are good at visualising 3- Data inte d 3D modelling
three-dimensional bodies, and are capable of measuring To achieve the best V, ,,. v •ualization of the complex

lengths, areas and volumes, most packages lack an in-built environment of the geological subsurface, the available in-

macro language which would allow a quantitative exami- formation was integrated using a mining visualisation soft-

nation of gold prospectivity. Consequently, dedicated data ware. A 3D model was construct.4. 3rrelating the sur-

handling programs are being developed to extract the spa- face map with the drillhole information, ut,-cergr -n. dmin-

tial information from the mining software and to conduct ing maps and interpreted geological secbun;.

quantitative spatial analysis techniques to identify and quan-

tify significant spatial relationships between high-grade ore A number of problems need to be addressed in thL. proc

zones and the surrounding geology. ess of interpretation and integration of data.These prob-

lems are technological as well as inherent to the data.

I- Objectives Present mining visualisation software require high speciali-

Through the integration of two-dimensional surface g sation and the process of updating the model according to

logical maps and-three-dimensional su face i n new information is difficult and extremely time consum-

of the Wiluna goldfield, the aim of this research is to con- ing. In terms of the data, good correlation is achieved in

struct a three-dimensional geological model of the area dense sampled areas but an increasing degree of interpo-

and to quantitatively analyse controls on g mineralisa- lation and uncertainty is introduced in poorly sampled ar-

tion. Use of these controls to define meodofoy for re- eas combined with the inherent anisotropy and complex-

gional GIS-based gold prospectivity analysis. ity of the geologic subsurface.
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4- Controls of the mineralisation with fluid-walirock. interaction and physico-cniemical con-

it is accepted that the gold minerafisation is lat in th ditions in th. time of the mineralisation. Extensional veins,

tectonic evolution of the Yilgarn craton (Groves, 1993). diaioa jo ussha vemins dwgent bends etc are all terms

The fault system, along with relevant lihologca contacts. related with th geometry of the structures formed after

is the puincipal control of the mineralisation. As the faults th applictio of a directed regional stress to the rocknsass.

play a critical role in the siting of the ore bodies, an accu- A measure of this deformation is the displacement along a

rate spatial representation of this structures is required. fault, the azimuth and dip, the angle formed between faults.
veins, joints, the orientation of the schistoisity. etc.

The traces of the faults on the surface map, their projec-
tion in the underground mining maps. and the drillhole In order to find relationships between gold mineralisation

intersection of the fault in subsurface, provide the lines and the hosting structures, it is necessary a spatial

and points used to create these entities in space. An em- discretisation of the faults into basic conmponents, at a scale

pirical spatial resolution of I5 mn was adopted for the basic relatively similar to that of the gold assays, and to generate

cells that represent three dimensionial geological solids. new variables relating the relative spatial position of gold

Lines and points were spatially gridded at this resolution, and structure.

and a best polynoimial algorithm fitted aTIN (triangulated By construction, the fault surface is made from a variable
irregular network) to these points. In all cases, control nubroforedtriaglrfcets cnncedbtesids
points were left without gridding to validate the interpola- they represent the topology of the physical surface. The
tion accuracy.The final surfaces look smooth and realistic computation of the centroid (property called hypocenter)
and serve as a basis for further spatial analysis. of every triangular facet generates the points necessaries

for the analysis.5- Data extraction At t s time, operating on the normal vector to every

In this study the kind of datasetm required for analysis are

dependent primarily on the type of deposit e nvestigated. the itis possible o the Ksatio riension, in

tectonic evoution of theYiltermsrofo azimuthand dip. Angular relatio v n s, b4 betwaeen farcs

The Wiluna lode gold deposits are predominantly struc- ts m ofla zimuth and dp the ructuon formen ac-

turally controlled with relative lithologic control. Conse- etA or their normals. allow measures of coplanarity, con-

quenry, the solid 3D representation of faults and struc- cavity convexity, bends and variability in azimuth and dip

tures of first to third order is required to identify suita of the faults or lthological contactsThe vector equation

relationships with gold mineralisation and specialty of high- Of the plane for every single facet enables to discriminate

grade accumulations within theseubodies points in space relative to this plane in terms of above and

below, or in geological terms hangingwall and footwall.
From poe final 3D model. thesTIN representation of solid
geologic enttiairesoution beexported i n vardou formtsc f r lThe computation of the distance to the nearest facet in

further analysis. For this projectASCII files of the format the fault for every gold value in space, generates a spatial

ins whchrereetnds variable that relates gold grade with ahimuthudip and prox-

coordinates of the three comers of the basic triangular imity to the fault.

units, were extracted for each entity. 7- Customised software

6- Spatial analysis of the fault system To conduct quantitative spatial analysis to identify ssignf,

Considering that the ore bodies are mainly controlled by cant relationships between high-grade ore zones and the

faults and are present in dsu rminated sitesmoot nd r i surrounding geology, dedicated data handling programs

others it is inerred that particular geometrical features w eve lpd These specific pieces of software were

aong these faults are responsible for gold deposition created in Borland C++ tofulfill the necessity e e spatial
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~~;;~;~ t; i ~the relative distance.A (+) distance idctspoints in

ixth the hangmngwall and (-) in the footwall.

LAGQAA:(for a selected lag interval h, LAG-ASSAY com-
putes the average and frequency of gold assays within

x3.y.z3E&Athis lag distance relativei to the nearest fault position.
increasing the searching distance away from the fault

-am surface until all assays are exhausted.The averages are
calculated for a normally distributed population of as-

I________I_______reresenatio ___________nda says as well as a three-parameter lognormally distrib-

Ftrgonr em attnbul se~~t uted population. In this case the lag h controls the

minin softare.called smoothing factor (See Figure 2).
OPiSW1 for a selected dip interval of facets in the fault

The name of each module, use and a sample of output surface. DIP-ASSAY computes die average and fre-

chart is described below. quency of gold assays associated to these facets.The

FACET-3: for every facet on a fault surface. FACET-30 averages are calculated for a normally distributed popu-

calculates the spatial coordinates of the centroid. azi- lation of assays as well as a three-parameter lognormally

muth. dip, dip direction, normal vector, director co- distributed population (See Figure 3).

sines, vectorial equation of the plane and fault identifi- AZ!M ASSY for a selected azimuth interval of facets in

cation (See Figure 1). the fault surface,.AZIM-ASSAY computes the average 0
Q!5LI3D for a set of spatially distributed gold -assays, DIST- and frequency of gold assays associated to these fac-

3D computes the shortest distance to a facet in the ets.The averages are calculated for a normally distrib-

35 ~~Dope&i &Gradoe-dtaiic to neares fault 00 - lag hIt 10m

roetowan "-- ~ taniingwell

I 3:~sow

0-t~ 0-N e.

Fig 2 Luig assay chart. proximuit ana~jsis'
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utepopulation ofassays as well as a r-parameer 8- Preliminaiy results

lognormally distributed population (Figure 4). One important mine "Deposit A". is examined using these

QEFH-ASAY: for a selected depth interval. DEPTH-AS- techniquls to quantify spatial relationships between gold

SAY computes the average and frequency of gold as- mineralisation and structural features.

says within this interval relative to the surface level.

The averages are calculated for a normally distributed 8. 1- Proxim ity relationships

population of assays as well as a three-parameter For Deposit A, a proximity relationship is identified be-

lognormally distributed population (Figure 5). tween high-grade gold mineralisation and the portion of

ROCK-ASAY: for every rock-type present at the miner- the fault hosting that mineralisation. Figure 2 shows that

alised site, ROCK-ASSAY computes the average and at a smoothing factor (h) of 10 meters. gold is concen-

frequency of gold assays within this rock.The averages trated in economic grades in a narrow corridor around

are calculated for a normally distributed population of the hosting fault. The distribution is asymmetric with the

assays as well as a three-parameter lognormally dis- highest grades in the hangingwall up to 20 m away from
tributed population (Figure 6). the fault surface. In contrast the mineralisation in the

STRIKE-BIN: for a selected portion of a fault. STRIKE-BIN footwall is less intense and restricted to the first 10 m,.

splits and bins the assays at selected distances from an although the sampling frequency is less abundant in this

origin and computes the average and frequency of gold portion of the fault

assays within these bins designed perpendicular to the

fault strike.The averages are calculated for a normally For the discovery of parallel or secondary mineralised

distributed population of assays as well as a three-pa. structures relatives to the main fault- the factor h has to

rameter lognormally distributed population (Figure 7). be related to the sample size n and to the dispersion of

DIP-6ZIM:for selected intervals in dip and azimuth of fac- the data.The more data available, the more precise is the *
ets in the fault. DIP-AZIM computes the frequency of search for details of the underlying density function.

facets within these intervals for further statistics. Figure 8 demonstrates the effect of the factor (h) on a

Dopei kGiadeidlp of neanil fauh pleo range 5'
451 ,6000
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density estimate of alid-distance to faut (h 2.5 m). From for most of the gold in the first 20 m.These peaks corre-

Figure I it is known that the first 20 m away from the fault. late in depth with two parallel structures hosting high grade

in dte hangingwall. is hithly mineralised. using h = 2.5 m it mineralisation in the south portion of the deposit. These

is possible to detect two discrete zones between 5 and minor structures were not incorporated in the model, but

7.5 m and 12.5 and IS m away from the fault accounting are highlighted using the appropriate h.See fig 7.bins ISO
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and 200 for the along-strike extension of this features. Identified a proximity relationship tietween gold minerali-

A bufer onebothsids of~ fa~k be hed sation and the hosting fault. sections of the fault striking
A buferzon boh sies f te fultcan e dstiguihed and dipping in a restricted interval of directions may be

according to appropriate cut-off grades to limit the lateral

extension of the mineralised body more prospective than others.

Applying an appropriate cut-off for high-grade assays, an i

8.2- Dip-Azimuth relationship x j contingency table of frequency of facets within a par-

Ompeeft A.Gred.-osck tye plot

3 0O

200

FAILT(W.C01 ROMAWTM QZ.pOW" Mallow) FLOWI SOLEME FLOWN FLOWN HELSilf CiRT

fViý 6 R Ick-ls~sayil chartI

Deposit A.Gade -aloain gike distance (Origin 10970 M) - lag 50l m
7 4550

35002
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Fig 8. Effect of choice of smoothing factor h on a density estimate of gold-distance to fault (h = 2.5 m)

ticular interval of azimuth and dip can be constructed. Based grade related to total facets for the deposit.

on the relative proportion of facets in the fault, the ex- If a Dip-Azimuth to high-grade gold relationship is found

pected number of facet related to high-grade can be cal- to exist.the Chi-squared component of each Dip-Azimuth

culated. These values are the expected if the position of to eit t e C ais ed co mp ne ofech pazimutarcategory can be examined to determine which particular
the high-grades assays is independent of strike and dip. combination of Dip-Azimuth is more prospective for high-

For statistical reasons the expected value Eij for each in- grade values.

terval should be greater than 1.0 without endangering the An example of contingency tables for a Chi-square test

validity of the test (Conover, 1980).The cells in the contin- for independence between observed and expected facets

gency table of expected values with frequencies less than of particular azimuth and dip associated to gold assays > 5

1.0 are condensed into a fewer number of contiguous and ppm. and critical values is shown in Figure 9.
logically arranged cells, so that no cell contains less than

1.0 expected facet. The same arrange of cells is then sp-
As the statistic is larger than the critical Chi-square value,plied to the observed Oiq contingency table.The observedplie tothe bsevedOil ontngeny tbleThe bseved the null hypothesis that both distributions are identical isand expected tables can then be compared using a Chi- th ulhohssta ohdsrbtosaeietcli

sardexpetesta for indepenenbe wihm-padreeusing a fh rejected at a confidence level of 95%, and consequently asq uare test fo r in de pe nd ence w ith m - I degrees o f free- hi -g a e d p z m u h r l t o s p is s ab s e .
dom.beig m he umbr ofconense cels.high-grade dip-azimuth relationship is established.dom. being m the number of condensed cells.

Circular or spherical statistical analysis in case of azimuthThe test statistic c' is given by

or azimuth and dip data, is required to assess the deviation

X 1
= (Qu Y about the mean direction vector of the fault of these more

Eiq prospective sites.These departures can then be used as a

where Eq !ILC predictive tool in the search for extensions of present

Ni
ni represents the number of facets for each interval of deposits or to target new ones in similar geological condi-

tions.
azimuth-dip in the fault, and OtNi the proportion of high-

i~ _i` Ild H i rlý d, IU I:d7 d i
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9- ConclusiGns ern Australia, Mineralium Deposita 28. pp 366-374.

Quantification of controls on gold mineralisation at camp- Houlding SW (1994) 3D Geoscience Modeling. Compu-

scale requires a sound three-dimensional understanding terTechniques for geological characterizato. Springer-

of the geology and structures involved. Integration of de- Verlag, New York.

tailed surface geological maps with subsurface underground

mining and direct drilling information, lead to the Knox-Robinson C.M.( 994) Archeaen lode-gold mineraci-

tion of acceptable representations of the three-dimensional sation potential of portions of theYilgarn Block.West-

geology of the area. These models are used as a base on er Australia: development and implementation of

which to conduct gold prospectivity analysis. Dedicated methodology for the creation of regional-scale

data handling programs are designed to quantify and ana- prospectivity maps using conventional geological map

lyse spatial relationships that control known ore bodies, data and a geographic information system (GIS). Un-

Characteristic features can be identified as more prospec- published PhD Thesis.The University of Western Aus-

tive and consequently used as a predictive tool in the loca- tli&

tion of new deposits. Mardia KY. (1972) Statistics of directional data.Academic

Press, London. UK 1972.
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